
 

  

 p-doping of organic hole transport layers in p-i-n perovskite solar cells: 
correlating open-circuit voltage and photoluminescence quenching 
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Doping is a widely implemented strategy for enhancing the inherent electronic 
properties of charge transport layers in photovoltaic (PV) devices. Here, in direct 
contrast to existing understanding, we find that a reduction in p-doping of the organic 
hole transport layer (HTL) leads to substantial improvements in PV performance in 
planar p-i-n perovskite solar cells (PSCs) - driven by improvements in open circuit 
voltage (VOC). Employing a range of transient and steady state characterisation tools, 
we find that the improvements of VOC correlate with reduced surface recombination 
losses in less p-doped HTLs. A simple device model including screening of bulk electric 
fields in the perovskite layer is used to explain this observation. In particular, 
photoluminescence (PL) emission of complete solar cells shows that efficient 
performance is correlated to a high PL intensity at open circuit and a low PL intensity at 
short circuit. We conclude that desirable transport layers for p-i-n PSCs should be 
charge selective contacts with low doping densities. 
 

Introduction 
Perovskite solar cells (PSCs) with a p-i-n 
architecture are typified by a planar perovskite 
active layer (typically methylammonium lead 
halide, MAPI) sandwiched between a bottom p-
type hole transport layer (HTL) and a top n-type 
electron transport layer (ETL). Such PSCs have 
drawn intensive research interest due not only 
to minimized current-voltage (J-V) hysteresis 
observed under operation1 but also to their 
ease of fabrication.2 For example, their low-
temperature, solution-based processability is 
inherently compatible with large-volume 
manufacturing and enables their application in 
more complex device architectures e.g. tandem 
solar cells.3 However, the attainable power 
conversion efficiencies (PCEs) for p-i-n devices 
are typically somewhat lower than their 
mesoporous or planar n-i-p analogues,4 mainly 
because they typically exhibit a slightly lower 
open-circuit voltage (VOC).5 Therefore it is of 
particular interest to determine the factors 
limiting the achievable VOC of planar p-i-n 
PSCs. 
Previous studies have demonstrated that the 
electronic band gap6, crystallinity7 and 
microstructural defects8 of the photoactive 
perovskite layer are key factors determining 

device VOC of PSCs. A further consideration are 
the recombination kinetics, where an increased 
rate of recombination is known to reduce VOC.6 
Interestingly, when organic/polymeric charge 
transport layers are utilised, it has been 
demonstrated that PSC VOC is insensitive to 
changes in either the highest occupied 
molecular orbital (HOMO) level of the HTLs 
employed9,10 or to changes of the lowest 
unoccupied molecular orbital (LUMO) level of 
the ETL.11 It has even been shown that some 
PSCs employing wide band gap perovskites 
yield VOC values greater than the HTL-ETL 
energetic offset.12 A widely recognized, but as 
yet relatively poorly understood issue in PSCs 
is surface recombination, in particular, for p-i-n 
devices, recombination that occurs at the 
interface between the perovskite active layer 
and the most widely used HTL, poly(3,4-
ethylenedioxythiophene)-   
poly(styrenesulfonate) (PEDOT:PSS).13 
Several studies have identified this issue, and 
shown that modification or replacement of 
PEDOT:PSS can improve device VOC and 
PCE.14–17 Interestingly, in organic photovoltaics 
(OPVs) with analogous p-i-n architectures 
employing PEDOT:PSS as an HTL, surface 
recombination has often been found to be less 



 

  

important as a loss pathway;18 indeed in many 
cases, state-of-the-art OPV efficiencies have 
been reported using PEDOT:PSS.19 The origin 
of the surface recombination losses in p-i-n 
perovskite solar cells, and how these may be 
reduced by selection of HTL, is thus currently 
poorly understood, and is the focus of the study 
reported herein.  
The core function of a HTL is to selectively 
transfer photo-excited holes from the absorbing 
material to the external circuit, a process which 
in PSCs is often monitored by 
photoluminescence quenching (PLQ) 
measurements of the absorber interfaced with 
a HTL.20 During such measurements, if high 
PLQ efficiency is observed when the absorber 
is interfaced with a HTL/ETL, this is frequently 
interpreted as an indication of effective charge 
transfer – and thus indicator of efficient 
photocurrent generation.21 However such PLQ 
may also result from undesirable surface 
recombination losses, as widely reported for 
inorganic photovoltaic devices,22–25 
complicating the interpretation of such data. In 
addition, PL intensity in PSCs has been shown 

to be dependent on device measurement 
conditions i.e. typically higher at open circuit 
than short circuit,26 and non-linearly dependent 
upon excitation intensity, a phenomenon 
ascribed to charge trapping and bimolecular 
recombination processes.27 Indeed some 
studies have suggested that, due to the low 
electron-hole binding energy and relatively long 
carrier lifetimes reported for MAPI,28 charge 
carriers accumulate primarily in the perovskite 
layer under open circuit conditions, and are not 
transferred to the HTL and ETL layers at open 
circuit.10 The complexity of these factors has so 
far hindered our understanding of how 
significant charge transfer and extraction 
kinetics are to the PCE of PSCs, and how these 
compete with undesired recombination losses. 
We focus here on the role of HTL in determining 
the VOC and PCE of p-i-n, the so called inverted-
architecture planar PSCs, specifically 
investigating the impact of p-doping of HTL on 
charge transfer and surface recombination. We 
have investigated a variety of HTLs in PSCs 
employing methylammonium lead iodide 
(CH3NH3PbI3, MAPI) as the common 

Figure 1 a) J-V curves of typical p-i-n perovskite solar cells based on PEDOT:PSS, PTAA and PTPD as HTLs, under AM1.5 1 Sun equivalent 
illumination at a scan rate of 50 mV s-1 in reverse bias. b) External quantum efficiency (EQE) spectra of these devices. The inset figure 
shows a schematic drawing of device structure. c) Schematic drawing of flat-band energy diagram of the solar cells, showing the highest 
occupied molecular orbital (HOMO) level, and equilibrium Fermi level (dashed lines) of these HTLs. The energetic differences between 
HOMO and Fermi level are calculated and labelled on the figure.  



 

  

photoactive layer. Using poly(3,4-
ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) as our 
reference HTL we investigate key performance 
parameters when poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) and poly[N,N’-
bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] 
(PTPD) are used as alternative HTLs. We 
demonstrate that variations in PL intensity 
observed between short and open circuit 
conditions are a powerful and relatively easy to 
obtain probe of surface recombination losses. 
From these studies, we conclude that reducing 
p-doping in HTLs is an effective strategy for 
reducing surface recombination losses in p-i-n 
perovskite solar cells and can result in 
enhanced device VOC values and overall PCEs. 
Results 
Device performance based on different 
HTLs. P-i-n PSCs were prepared with a 
structure of glass/ITO/HTL/ 
MAPI(500nm)/PCBM(50nm)/LiF(0.7nm)/Ag (1
00nm). Four HTLs, PEDOT:PSS (40 nm), 
PTAA (20 nm) and PTPD (20 nm) were 
deposited on indium-doped tin oxide (ITO) 
substrates, in all cases the MAPI layers were 
fabricated with the same procedure.29 The [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) 
was deposited onto the MAPI layer as electron 
transport layer (ETL) and LiF/Ag bilayer was 
thermally evaporated on top of PCBM as 
cathode to complete the device. Prior to 
deposition of MAPI thin films, an ultrathin Poly 
[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN) 
poly-electrolyte layer was spun onto PTPD and 
PTAA to reduce their surface hydrophobicity. 
Full device fabrication procedures and chemical 
structures (Figure S1) of the organic hole 
transport materials can be found in the 

supporting information (SI). 
Figure 1a shows representative J-V 
characteristics for devices prepared with the 
various HTLs measured under illumination and 
in the dark. The photovoltaic performance 
parameters based on 5 different pixels are also 

summarized in Table 1. The power conversion 
efficiency (PCE) of the PEDOT:PSS HTL 
device was determined to be 13.5 ± 0.2%, 
which is consistent with existing literature,4 
when the alternative HTLs are employed PCE 
increases from 18.9 ± 0.3% (PTAA) reaching 
19.6 ± 0.2% (PTPD). Analysis of the output 
characteristics makes it apparent that the 
observed overall performance improvements 
closely follow increases in open circuit voltage 
(VOC). It is noteworthy that none of the devices 
prepared exhibited appreciable J-V hysteresis 
(Figure S2). 
The external quantum efficiency (EQE) spectra 
of representative devices are shown in Figure 
1b, with a schematic illustration of the device 
shown in the inset. All devices show a 
comparable EQE onset at approximately 780 
nm, but the device employing PEDOT:PSS has 
a couple of regions where the measured EQE 
is significantly less than the other materials. In 
Figure 1c a flat-band energy diagram for these 
p-i-n devices is shown, in addition the HOMO 
levels of the HTLs, obtained by measuring their 
ionization potential through ambient pressure 
photoemission spectroscopy, are added (see 
Figure S3 and Table S1). Importantly, whilst 
there is some variation in the HOMO values 
between HTLs, there is no correlation between 
these values and the VOC observed, consistent 
with existing literature.9 The dashed lines in 
Figure 1c indicate the equilibrium dark Fermi 
level of the HTLs measured with a Kelvin probe 
(Figure S3 and Table S1). The significance of 
this energetic difference between HOMO and 
Fermi level, labelled in the figure, will be 
discussed further below.  

Table 1 Measured photovoltaic parameters of p-i-n perovskite solar cells based on different HTLs, and PL quenching (PLQBL) efficiencies 
measured for HTL/MAPI bilayer films relative to a bare MAPI film. 
 



 

  

In order to exclude the possibility that the 
observed variations in VOC are induced by 
structural or morphological variations in the 
MAPI layers on the various HTLs, we employed 
a range of complimentary characterisation 
techniques, namely X-ray diffraction (XRD) 
(Figure S4a); UV-Vis absorption spectroscopy 
(Figure S4b) and scanning electron 
microscopy (SEM) (Figure S5). Analysis of the 
peak positions, intensities and full-widths at 
half-maximum (FWHM) of the XRD data (Table 

S2) show no appreciable differences as the 
HTL is altered.7 Similarly, the MAPI absorbance 
spectra show no significant differences as the 
HTLs change and the surface of the MAPI films, 
characterised by SEM, are comparable, with all 
showing a compact, coalesced structure with 
no observable variation in grain size nor the 
presence of pinholes. As such, we can 
conclude that the differences in device 
performance shown in Figure 1 do not result 
from differences in the macroscopic properties 
of the MAPI layers in these devices. 
 
Photoluminescence quenching. We now 
consider photoluminescence quenching (PLQ) 
studies as a potential assay of hole transfer 
from MAPI to the HTLs. Figure 2 shows PL 
emission spectra of a bare MAPI film and MAPI 
films in contact with the various HTLs. To 
ensure the PLQ measurements are relevant 
and comparable to the measurements made of 
operational devices, and in particular to avoid 
severe charge trapping effects observed within 
MAPI under low intensity irradiation 
conditions,20 our PLQ measurements employed 
white light illumination at 1-Sun equivalent 
intensity. From these data, the bi-layer PLQ 

 JSC (mA cm-2) VOC (V) FF PCE (%) PLQBL 
efficiency (%) 

PEDOT:PSS 20.49 ± 0.21 0.864 ± 0.008 0.754 ± 0.007 13.49 ± 0.20 98.2 

PTAA 22.17 ± 0.12 1.073 ± 0.004 0.792 ± 0.008 18.85 ± 0.29 37.5 
PTPD 22.38 ± 0.31 1.095 ± 0.004 0.798 ± 0.010 19.61 ± 0.15 32.9 

Figure 2 PL emission of MAPI film and stacks of HTL/MAPI bilayer 
films under 1-Sun equivalent white-light illumination. 

Figure 3 a) – d) PL emission spectra of ITO/HTL/MAPI/PCBM/(LiF)Ag complete devices at short circuit and open circuit with PEDOT:PSS, 
PTAA and PTPD as HTL. The inset figure in (a) shows a schematic drawing of the measurements. e) Correlation of VOC  and PCE versus OC-
to-SC PL quenching efficiency (PLQOC-SC) in complete devices. 



 

  

(PLQBL) efficiency was estimated as the 
difference in emission intensity between a bare 
MAPI film and the various bilayers, listed in 
Table 1. From the table it is apparent that there 
is an inverse relationship between device PCE 
and PLQBL efficiency – such that the bilayers 
showing lower PLQBL efficiency in the presence 
of HTL, in other words higher PL emission 
intensity in bilayers, yield the higher device 
PCE in complete devices. This observation is 
clearly counter to the widely used interpretation 
of PLQBL as a measure of the efficiency of 
desired charge transfer to the transport layer, 
but is rather suggestive that for this sample 
series, higher PLQBL may be indicative of 
enhanced surface recombination losses,24 as 
we explore further below.  
The bare MAPI and the MAPI/HTL bilayer films 
detailed in Figure 2 were prepared using glass 
substrates and in the absence of a top 
electrode i.e. where there is no charge 
extraction to an external circuit and all 
photogenerated charges must ultimately 
recombine. Thus, our PL measurements were 
performed under conditions most equivalent to 
open circuit. We consider now the PL emission 
of the corresponding complete devices held 
under 1-Sun equivalent illumination at either 
open circuit or short circuit conditions, as shown 
in Figure 3a - 3d. Under short circuit conditions, 
all devices showed similar, relatively low 
intensity photoluminescence (PLSC). This is 
indicative of efficient charge transfer to the 
ETL/HTL layers in these devices, most likely 
associated with efficient charge extraction to 
the external circuit under these conditions, 
suppressing radiative recombination in the 
absorber layer. The relative invariance of PLSC 
between HTLs agrees with the relatively 
consistent JSC values observed for these 
devices (Table 1). In contrast, the PL intensity 
measured at open circuit (PLOC) varies 
considerably between devices. In particular, we 
found that the relative intensity of PLOC between 
these devices tracks the trend observed for the 
relative PL intensity of the bilayer films in Figure 
2. Whilst for efficient HTLs, i.e. PTPD, the PL 
intensity increases substantially between short 
and open circuit conditions, it is almost 

unchanged for the PEDOT:PSS device. To 
quantify this effect, we determined the open-
circuit-to-short-circuit (OC-to-SC) PL 
quenching efficiency (PLQOC-SC) calculated as 
(PLOC – PLSC)/PLOC, describing the magnitude 
of the difference in PL emission intensity 
between open and short circuit. We note this 
quantification avoids the need to compare the 
absolute emission intensities between devices, 
which could also be influenced by the optical 
reflections of these devices. Figure 3e plots the 
calculated values of device VOC and PCE 
versus PLQOC-SC. A clear correlation is 
observed, with both PCE and VOC correlated 
with an increase of PLQOC-SC. This implies that 
for the PSCs studied herein, enhanced device 
performance correlates with a high PL intensity 
at open circuit and low PL intensity at short 
circuit. This is consistent with general 
photovoltaic device physics,30 with optical 
excitation of efficient devices expected to yield 
maximal radiative recombination at open circuit 



 

  

but efficient charge extraction at short 
circuit.31,32 However, to the best of our 
knowledge, this behaviour has not previously 
been directly correlated with device efficiency 
for PSCs.  
The impact of HTL doping. Now we consider 
the origins of the observed variation in PLQOC-

SC and VOC between the HTLs studied here. As 
shown above neither the measured device VOC 
nor PCE correlate with the HOMO levels of the 
HTLs, there is also no apparent correlation 
between the measured HTL Fermi level (EF) 
and the measured device performance metrics. 
We consider p-doping of the HTLs as a 
potential explanation for the observed 
behaviour. It is known that increased doping 
levels lead to greater HTL conductivity thus 
reduced the voltage losses due to electrical 
resistance.33,34 We quantify p-doping for the 
various HTLs by calculating the energy 
difference between their HOMO and EF values, 
Figure 1c. This energy difference, denoted as 
EF – EHOMO, indicates the relative p-type doping 
levels to be PEDOT:PSS > PTAA > PTPD. 
Utilising these data, we plot the measured 
PLQBL, PLQOC-SC, device VOC and PCE versus 
measured EF - EHOMO (Figures 4a - 4b). It is 
clear from Figure 4a that as p-doping of HTL 
increases, there is a decrease in PLQBL 
measured in the presence of the HTLs, and an 
increase in PLQOC-SC in complete devices, 
suggesting that increased p-doping of our HTLs 
quenches PL emission at OC. This correlates 
with the trend shown in Figure 4b showing that 

both increased VOC and PCE derives from a 
reduction in HTL p-doping. It is thus evident that 
the devices with the highest measured VOC, and 
therefore PCE, are those that employ least p-
doped HTLs.  
Evidence of surface recombination. When 
combined, these data support the suggestion 
that the observed variations in device 
performance are not related to shift of HOMO 
levels but most likely originate from differences 
in surface recombination losses, and 
specifically that these surface recombination 
losses are primarily determined by the extent of 
p-doping of the HTL layer. To probe further the 
recombination losses in our device series we 
consider now more in-depth analysis of device 
optoelectronic performance.  

Figure 4 a) Correlation of photoluminescence quenching efficiency in HTL/MAPI bilayer films (PLQBL) and in complete devices between 
open circuit and short circuit (PLQOC-SC), with the p-doping level of HTL that is estimated by the difference of HOMO and Fermi level, EF 
- EHOMO. b) Correlation of device VOC and PCE with the EF - EHOMO of HTL. 



 

  

One widely used assay of such recombination 
losses is to measure the evolution of VOC with 
light intensity the derive an ideality factor nid 
from the slope of VOC -light intensity 
relationship: 𝑛"# =

%
&'(

∙ *+,-
*./(1)

, where kBT is the 
thermal energy, I the light intensity and q the 
unit charge. Figure 5a shows the semi-
logarithmic plot of steady state VOC versus light 
intensity, and the nid values obtained by fitting 
the plot between 0.04 – 4 Suns. The most 
efficient devices i.e. those with higher VOC and 
PTPD and PTAA as HTLs, both show rather 
large values of nid, 1.79 and 1.84 respectively. 
In contrast, devices with lower VOC, as seen 
with PEDOT:PSS HTLs, exhibited lower nid of 
1.70 and 1.12 respectively. A lower nid in 
combination with lower device VOC is typically 
attributed the devices limited by monomolecular 
surface recombination at the contacts,16,35,36 
resulting in less steep increase of VOC with light 
intensity in the semi-logarithmic plot. 
Interestingly, devices with high VOC and high 
PCE exhibiting nid values close to 2 have also 

been reported for efficient n-i-p, conventional 
PSC’s,37 indicative of higher order losses such 
as bimolecular recombination. These data thus 
are consistent with non-radiative recombination 
at open circuit in PEDOT:PSS cells being 
related to the presence of monomolecular 
recombination at HTL/MAPI interface, often 
referred to as surface recombination.  
To support these hypotheses, and correlate the 
observed variation in VOC to modulations in the 
p-doping of the HTL influencing surface 
recombination at the MAPI/HTL interface, we 
carried out additional transient optoelectronic 
measurements at varying illumination 
intensities to determine accumulated charge 
densities and charge recombination lifetimes at 
open circuit as a function of device VOC. A 
description of these techniques is given in the 
experimental section and Figure S6 – S8, and 
can be found in detail elsewhere.6,38 For all 
devices, these analyses correctly predicted 
device VOC to within ± 6 mV within the probed 
light levels, confirming the validity of these 

Figure 5 a) Evolution of device VOC as a function of light intensity, and the light ideality factor nid derived from fitting the plot between 
0.04 – 4 Suns. b) Charge carrier density n as a function of VOC in the solar cells with various HTLs. The solid symbol corresponding to 
approximate 1-Sun condition. c) Charge recombination lifetime τ derived from transient photovoltage (TPV) decay as a function of n. 



 

  

analyses (Figure S9). Figures 5b plots the 
excess (photo-generated) charge density (n) in 
these devices as a function of VOC, in which all 
devices show an approximately exponential 
increase of n with VOC, assigned to charge 
“stored” in the electronic states of MAPI and/or 
contact layers. The overall charge 
recombination kinetics of the complete devices 
can be quantified by the lifetime of charge 
carriers (τ) derived from TPV decays, plotted in 
Figure 5c as a function of charge density. The 
slope of the n vs VOC plots for all of the HTLs 
investigated are similar (Figure 5b) suggesting 
that these devices are dominated by charge 
accumulation in the MAPI layer. This is 
consistent with our recent work employing 
PEDOT:PSS as an HTL in p-i-n devices, where 
we found that at very low light intensities 
photogenerated charge accumulated primarily 
on the device contacts and at higher intensities, 
as employed for the data in Figure 5b and 5c, 
that charge primarily accumulated within the 
MAPI layer.6 It is striking that the PEDOT:PSS 
device data in Figure 5b shows equivalent 
accumulated charge densities at much lower 
measured VOC values than the devices with a 
lesser degree of p-doping. As the accumulated 
charge density is a measure of the active layer 
quasi-Fermi level splitting, this observation 
implies that when employing PEDOT:PSS as 
the HTL, the externally measured VOC is 
substantially (~150 mV) less than active layer 
quasi-Fermi level splitting. We have previously 
obtained analogous data in organic solar cells 
as a function of metal-oxide HTL processing 
conditions, and have shown, with the aid of 

device modelling, that such a reduction in VOC 
relative to active layer quasi-Fermi level 
splitting is expected in the presence of surface 
recombination losses.36 The presence of 
surface recombination losses is further 
supported by Figure 5c, which shows that 
increased HTL p-doping is correlated with 
faster recombination kinetics for matched 
densities of accumulated charge. This trend 
was also observed for organic solar cells with 
increased surface recombination losses.36 As a 
result of these slower recombination kinetics, 
devices with suppressed surface recombination 
can “store” more photo-excited charge within 
the active layer under 1 Sun (these conditions 
are marked as solid symbols in Figure 5b). This 
gives rise to an additional increase of VOC by 
about 50 - 85 mV for the less p-doped HTL’s 
compared to PEDOT:PSS. The approximate 1-
Sun accumulated charge densities are PTPD 
(2.3 x 1011 cm-2) > PTAA (1.9 x 1011 cm-2) > 
PEDOT:PSS (1.1 x 1011 cm-2). These correlate 
with the order of their PLOC intensities, 
consistent with higher accumulated charge 
densities resulting from suppressed 
non-radiative, in this case surface, 
recombination and thus resulting in enhanced 
radiative recombination and therefore PL. In 
summary, our ideality factor and transient 
optoelectronic measurements all support 
enhanced surface recombination losses with 
more doped HTLs, resulting in devices with 
reduced VOC. 
 
Discussion 

Figure 6 Schematic drawing of open circuit band diagram and charge accumulation/combination in the HTL interface in a p-i-n perovskite 
solar cells with a) an undoped HTL and b) a doped HTL, and c) in a typical organic bulk heterojunction (BHJ) solar cell with doped HTL.  



 

  

We have demonstrated the significance of p-
doping in the HTL of p-i-n PSCs, specifically 
that a reduction in p-doping results in significant 
improvements in device VOC and PCE. By 
employing a range of complimentary 
techniques, including photoluminescence 
quenching, photoemission spectroscopy and 
kelvin probe analyses, device ideality factor and 
measurements of charge carrier densities and 
lifetimes at open circuit, we conclude that the 
reduction in device VOC observed in more p-
doped HTLs results from enhanced surface 
recombination losses. In particular we find that 
measurement of the open-circuit-to-short-
circuit (OC-to-SC) PL quenching efficiency is an 
effective assay of such surface recombination 
losses, with high device performance 
correlating with a high PL intensity at open 
circuit (where charges are primarily confined to, 
and recombine in, the photoactive layer) and a 
low PL intensity at short circuit (where charges 
are efficiently extracted to the external circuit). 
Therefore we conclude that minimisation of 
HTL doping is a key consideration for the 
optimization of the performance of planar p-i-n 
PSCs.     
The enhanced surface recombination losses for 
p-doped HTL layers implies this recombination 
is associated with the dark charge present in 
these layers, rather than photoinjected charge. 
Typical carrier densities in PEDOT:PSS thin 
films are approximately 2 x 1020 cm-3,39 
corresponding to 8 x 1014 cm-2 for the 40 nm film 
deposited in our devices. This is approximately 
3-orders of magnitude greater than the 
photogenerated charge density in PEDOT:PSS 
devices under 1-Sun illumination at open circuit 
(1.1 x 1011 cm-2). Thus it can be concluded that 
when employing PEDOT:PSS, the density of 
dark charge carriers in the HTL available to 
undergo recombination processes is far higher 
than the density of photogenerated carriers. In 
this context, the enhanced surface 
recombination with greater HTL p-doping can 
be understood in terms of a loss of selectivity of 
the HTL due to the high dark carrier density, 
enabling not only hole but also electron transfer 
to the HTL layer, resulting in a net loss of 
photocarriers. It is apparent that this origin of 

surface recombination is distinct from that often 
observed in other inorganic solar cells such as 
silicon or cadmium telluride, where surface 
recombination is often reported to be mediated 
by dangling bonds at surfaces or grain 
boundaries, resulting in trap mediated surface 
recombination.30 We note the mechanism of 
surface recombination we find here also differs 
from that often discussed in n-i-p PSC’s 
employing TiO2 as ETL, where trap states at the 
TiO2/perovskite interface have been reported to 
mediate surface recombination losses40,41 and 
has also been associated with the observation 
of J-V hysteresis in the n-i-p devices,42,43 which 
is otherwise absent in the p-i-n devices studied 
in this work.  
In contrast to the conclusions we find here for 
planar p-i-n PSCs, highly doped PEDOT:PSS is 
widely used in OPVs19 and in hybrid 
silicon/PEDOT:PSS solar cells44 yielding 
excellent device performance. In such devices, 
efficient performance has also been observed 
with other doped HTLs.34,45 It is therefore 
interesting to consider why PSCs are more 
susceptible to efficiency losses associated with 
surface recombination with doped HTLs than 
OPVs. We describe the difference in 
recombination mechanisms in the schematic 
shown in Figures 6a – 6c. Figure 6c illustrates 
a typical energy level diagram for an OPV at 
open circuit. In this case, the build-in potential 
drops across the photoactive layer, forming an 
electric field that drives holes to the HTL and 
electrons to the ETL. As such, this built in field 
suppresses surface recombination losses at the 
HTL/organic interface, even when this HTL is 
doped, as it drives electrons away from this 
interface.46 In contrast, in PSCs, screening 
effects caused by the diffusion of ionic defects 
in the MAPI layer 47 confine the potential drop 
in the MAPI layer to a thin space charge layer 
near the device interfaces, with the MAPI bulk 
being field-free,48 as shown in Figures 6a-b. 
Such field screening allows for considerable 
electron diffusion towards the HTL/perovskite 
interface, and therefore the potential for 
photogenerated electrons to recombine with 
holes in the HTL, resulting in surface 
recombination (Figure 6b). This provides a 



 

  

rational for our observation herein that 
employing an undoped, selective HTL is more 
critical for perovskite solar cells than for 
analogous organic solar cells. 
Our analyses indicate that non-selective, 
heavily doped contacts, widely used in OPVs, 
are not desirable for PSCs. As lower doping 
levels reduce conductivity, the thickness of the 
HTL must be controlled to minimize series 
resistance losses. For example, for the devices 
studied in our work, increasing the thickness of 
the PTPD layer above 20 nm significantly 
reduced device FF and JSC, whereas thickness 
variations of the PEDOT:PSS and doped PTAA 
layers did not cause appreciable degradation of 
device performance (Figure S10). The lower 
conductivity of the less p-doped HTLs can also 
be a potential problem for n-i-p PSCs where 
PTAA layer thicknesses much thicker than 
those explored herein can be required to 
effectively cover the perovskite active layer – 
hence in such circumstances doping of PTAA is 
typically required to improve conductivity. 
Interestingly extreme doping of PTAA with 
lithium salts in such devices has been reported 
to result in a > 200 mV loss in Voc,49 a case we 
consider to be analogous to our results.  
Our observation that the best performing p-i-n 
PSC studied here exhibits the highest device 
PL efficiency, when measured under open 
circuit conditions, is comparable to 
observations in inorganic solar cells.22–24 Under 
open circuit conditions, all charge must 
recombine in the device; a high PL efficiency 
measured under these conditions implies a 
suppression of undesirable non-radiative 
recombination losses, and thus an 
enhancement of bulk, radiative recombination. 
This observation is agreement with the trend in 
PL studies of neat perovskite films and with 
device electroluminescence studies, where in 
both cases higher emission intensities 
correlated with higher photovoltaic device 
performance.7,14,50 Our observations are also 
consistent with a recent study by Wolff et al,11 
which showed that introducing a charge 
blocking layer at the perovskite/ETL interface 
resulted in enhanced bulk recombination 
relative to surface recombination, and yielded a 

higher VOC. We conclude that by suppressing 
surface recombination, and thus confining 
recombination to the absorber layer, higher 
device VOC and PCE can be achieved. As such, 
minimizing bulk non-radiative recombination 
losses with in the MAPI layer, either by 
passivating bulk defects51 or optimizing the 
perovskite composition,52 as well as minimising 
recombination at the MAPI/ETL interface, 
should lead to further improvements in device 
performance. 
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