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The performance of hybrid organic-inorganic metal halide perovskite solar cells is
investigated using one-dimensional drift-diffusion device simulations. We study the
effects of interfacial defect density, doping concentration, and electronic level positions of the charge transport layer (CTL). Choosing CTLs with a favorable band alignment, rather than passivating CTL-perovskite interfacial defects, is shown to be beneficial for maintaining high power-conversion efficiency, due to reduced minority carrier
density arising from a favorable local electric field profile. Insights from this study provide theoretical guidance on practical selection of CTL materials for achieving highperformance perovskite solar cells. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5021138

Hybrid organic-inorganic metal halide perovskite solar cells (PSCs) have experienced tremendous performance boosts within the past decade. With a state-of-the-art power conversion efficiency
(PCE) beyond 22% already,1 the PSCs promisingly rival other established photovoltaic material systems with much lower fabrication cost. A large absorption coefficient, a high charge carrier mobility,
long diffusion lengths, and a low exciton binding energy associated with the hybrid perovskite materials2,3 are responsible for the excellent photovoltaic performance in PSCs. In particular, the intrinsically
low non-radiative bulk recombination rates in the perovskite materials uphold the promise for PSC
performance to reach its theoretical limit.4–6 With these superior properties of the perovskite active
materials, the next phase of increasing PSC performance will require understanding and optimization of other parts of PSCs, specifically the charge transport layers (CTLs) to minimize interfacial
recombination—a major loss mechanism.7–9
To this date, CTL research has focused on mobility/conductivity,10 film morphology,11 interfacial
defect passivation,12,13 photocurrent hysteresis,14 device stability,15 as well as electronic structure.12,16–18 Especially, the CTL electronic structure has always been in the research spotlight: while
it has been reported to affect the device performance,12,16 other work observes less detrimental effects
due to the potential interfacial dipoles from ionic accumulation near the interface.17 Moreover, it was
suggested that the interfacial defects play a more important role than the energy level positions in
determining the device photovoltaic performance.18 While fundamental understandings on the importance of CTL electronic structure is crucial to further boost PSC performance, experimentally it is
hard to distinguish the separate contribution from electronic structure, interfacial defects, or possible
surface dipoles. In contrast, device simulation provides the full capability of examining the impact
from each contribution as well as different combinations. A previous simulation study by Minemoto
and Murata19 has shed some light on this topic, but since they used a 10-nm artificial defect layer
with a reduced bandgap to model recombination at the CTL-perovskite interface, band alignment
becomes unrealistic, ultimately limiting the robustness of the results. Moreover, insights from the
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underlying physical mechanisms, beyond the basic current density-voltage (J-V) results, are highly
beneficial to understand and guide experiments.
In this paper, based on a one-dimensional (1D) drift-diffusion simulation study, we demonstrate
that CTLs with favorable electronic level positioning and band alignment effectively reduce the
detrimental effect of interfacial recombination in the presence of defects at the CTL-perovskite
interfaces and therefore preserve high PCE in the PSCs. This “cliff and spike effect” is widely
reported in inorganic heterojunction solar cells, e.g., copper-indium-gallium-selenide solar cells.20
By taking the hole transport layer (HTL) as an example, we show that, at a forward bias approaching
the open-circuit voltage (Voc ), a HTL with deep energy levels, i.e., a large electron affinity or a high
dopant density, exhibits stronger band bending and thus a larger electrical field at the perovskite-HTL
heterojunction interface. This field drives minority carriers (electrons) in the perovskite layer away
from the HTL interface and effectively reduces recombination through the interfacial defects, which
inevitably exist.5 Thus, deep energy level HTLs exhibit only a slight performance reduction even with
a relatively high interfacial defect density. On the other hand, device performance, particularly Voc
and fill factor (FF), reduces dramatically even at a very low interface defect density when the HTL
energy levels are shallow. The same principle applies to electron transport layers (ETL), in which
shallow energy levels reduce the impact of interfacial recombination. Recently, HTLs with deep
energy levels, including CuGaO2 ,21 CuCrO2 ,22 and NiOx ,23 as well as shallow energy level ETLs,
such as SrTiO3 ,24 have been demonstrated to achieve high-performance PSCs. Since a defect-free
heterojunction interface is unlikely in real devices and interfacial defect passivation usually requires
tremendous research efforts and varies case by case,12,13 this study provides a useful guideline for a
more practical and robust approach to the CTL design and performance boost in PSCs.
The device simulations are carried out with the commercial semiconductor simulation tool Sentaurus Device from Synopsys.25 A p-i-n structured perovskite solar cell is modeled with planar
junctions26–28 consisting of a transparent conducting oxide anode, a p-type semiconductor HTL
(30 nm), a methylammonium lead iodide perovskite layer (400 nm), a phenyl-C61-butyric acid
methyl ester (PCBM) ETL (n-type, 20 nm), and an Al cathode. Table S1 of the supplementary
material summarizes input parameters for each layer. Particularly, the experimentally measured
energy levels of a p-type delafossite oxide CuCrO2 ,29 which has been demonstrated to be a promising HTL candidate for PSCs,22 are adopted as the starting point in the simulations, with a variation
in energy level positions discussed in Fig. 1. While this work only studies the impact of HTL
energy levels in detail, the results are readily applied to ETLs (Fig. S1 of the supplementary
material).
Shown in Fig. 1, we vary the HTL energy levels in two ways: (1) varying the electron affinity
(EA or conduction band minimum) while keeping the bandgap (Eg ) of the HTL constant [Fig. 1(a)]
and (2) varying the Fermi level (Ef ) by varying the doping concentration (NA ) of the HTL but keeping
the EA and Eg unchanged [Fig. 1(b)]. Note that when the EA is changed in (1), Ef will also change
since the doping is kept constant. Interfacial recombination is modeled by a neutral-type single level
defect located at mid-gap, where the trap-assisted recombination is most effective.30,31 Simulations
using a shallow defect level that matches experimentally obtained values for bulk defects in the
perovksite layer 32 are also performed (Fig. S2 of the supplementary material), which show similar

FIG. 1. Schematic of the device structure used in our simulations. The HTL electronic level position is varied through
(a) varying the HTL EA while keeping Eg unchanged and (b) varying the HTL Ef through dopant concentration (NA ). Green
arrows indicate the interfacial recombination of electrons and holes through the defect states at the HTL-perovskite interface
(short line at the interface).
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behavior compared to the mid-gap defect scenario; hence, the rest of the paper is based on the midgap recombination center. With the presence of defect states at the HTL-perovskite interface, the
electrons (minority carriers at this interface) recombine with the holes (majority carriers), resulting
in the interfacial recombination loss (as the green arrows indicate).
The device PCEs that are computed as the maximum power output (product of voltage and
current) normalized to incident illumination power, with varying EA and NA (Ef ), are shown in
Figs. 2(a) and 2(b), respectively. We first consider the scenario of the HTL-perovskite interface
without defects [red symbols in Figs. 2(a) and 2(b)]. Negligible PCE changes are observed by varying
either EA or NA , implying that the HTL electronic level position by itself has little impact on the
PSCs. However, when introducing interfacial defects at a density (Nt ) of 1 × 1011 cm 2 ,30,31 a
definitive trend is observed as a function of EA or NA [black symbols in Figs. 2(a) and 2(b)]: a
significant reduction in PCE is seen in both lower EA and NA devices; as EA or NA increases,
the PCE recovers its defect-free value. With NA fixed at 3.8 × 1018 cm 3 , the PCE improvement
starts to saturate at an EA of 2.4 eV, where the valence band maximum (VBM) of HTL is 0.1 eV
deeper than that of perovskite [∆EVB = 0.1 eV as shown in the top x-axis of Fig. 2(a)]. On the other
hand, given a fixed EA of 2.3 eV, a full recovery of the PCE is observed when NA increases to
3.8 × 1020 cm 3 , which results in a HTL Fermi level 0.19 eV deeper than the VBM of the perovskite
[Ef,HTL EVB,perovskite = 0.19 eV as shown in the top x-axis of Fig. 2(b)]. To understand this behavior,
J-V characteristics are shown in Figs. 2(c) and 2(d) for high (green symbols) and low (blue symbols)
EA and NA values, respectively. Significant reductions of the collected current density (Jcoll , solid
symbols) are observed at all bias conditions in the low EA and NA value devices; the current loss is due

FIG. 2. (a) Simulated PCEs for devices with varying EA without (red squares) and with (black squares) interfacial defects.
The corresponding energy difference between the VBM of the HTL and that of the perovskite (∆EVB ) is shown on the top
x-axis. NA is fixed at 3.8 × 1018 cm 3 . (b) Simulated PCEs for devices with varying NA without (red circles) and with (black
circles) interfacial defects. The corresponding energy difference between the Fermi level of the HTL and the VBM of the
perovskite (Ef,HTL EVB,perovskite ) is shown on the top x-axis. The EA is fixed at 2.3 eV. (c) Collected current density (Jcoll )
and interfacial recombination current (Jrec,interf ) vs. voltage for devices with an HTL EA of 2.5 eV (green) and 2 eV (blue).
(d) Jcoll and Jrec,interf vs. voltage for devices with a HTL NA of 3.8 × 1018 cm 3 (green) and 3.8 × 1014 cm 3 (blue). In (c)
and (d), the devices all have interfacial defects with a Nt of 1 × 1011 cm 2 , and solid lines with solid symbols represent Jcoll ,
while dashed lines with open symbols represent Jrec,interf . The arrows indicate the bias of 0.8 V, which is discussed later. All
results are simulated under 1 Sun illumination.
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to the enhanced interfacial recombination current density (Jrec,interf , open symbols). This is particularly
evident as the bias approaches its maximum power point, resulting in a significant degradation in FF.
In contrast, devices with a higher EA or NA HTL retain a high Jcoll and a low Jrec,interf all the way up
to Voc . In other words, a HTL with deeper energy levels is less susceptible to recombination at the
HTL-perovskite interface.
To further elucidate the observed effects of the HTL electronic level position on device performance, we closely examine the electric field, the band diagram, as well as the charge distribution in
the devices. We only discuss the case of varying EA values in Figs. 3 and 4 since similar results are
found for varying NA values (shown in Figs. S3 and S4 of the supplementary material). We perform
our investigation at a bias of 0.8 V [indicated by the arrow in Figs. 2(c) and 2(d)], where Jcoll and
Jrec,interf show a dramatic difference between the high and low EA devices. The interfacial defect
density is the same, Nt = 1 × 1011 cm 2 , for all cases. As illustrated in Fig. 3(a), under illumination,
a significantly larger electrical field near the HTL-perovskite interface (indicated by the arrow) is
seen in the device with the higher EA HTL (green). (The electrical field profile and band alignment
are independent of interfacial defects because HTL Fermi levels are not pinned to the interfacial
defect states.) This marked difference in electric field comes from the local band alignment as shown
in the inset of Fig. 3(a). (Figure 3 only shows the region near the HTL-perovskite interface. The
band diagrams and electron density distributions across the entire device are shown in Fig. S5 of
the supplementary material.) Stronger band bending appears across the HTL-perovskite interface
in the device with the higher EA HTL, even at a relatively large forward bias of 0.8 V. The correspondingly larger local electrical field in the light-absorbing perovskite layer effectively drives the
photo-generated minority carriers (electrons) away from the interface. Without such a local electrical
field, a significant number of minority carriers reach the interface through diffusion. As shown in
Fig. 3(b), by comparing the two “ideal” devices without interfacial defects (dashed lines), the device
with a HTL EA of 2 eV has an electron density in the perovskite layer near the interface 2 orders of
magnitude larger compared to the device with a HTL EA of 2.5 eV (the electron density drops
abruptly at the interface because of it being extremely low in the HTL). In the presence of defects
(solid lines), i.e., recombination centers, these electrons readily recombine with holes at the HTLperovskite interface, resulting in a higher recombination rate at the interface. With a larger EA HTL,
the electron densities at the interface are similarly low with and without defects [Fig. 2(d) green
lines]. Effectively, the HTL with the higher EA reduces the interfacial recombination by preventing
the minority carriers from reaching the defect states/recombination centers at the HTL-perovskite
interface. A similar interfacial recombination reduction effect is also observed in the devices with a
more highly doped HTL (Fig. S3 of the supplementary material).
We further examine the dependence on interfacial defect density Nt for HTLs with various EA
values in Fig. 4. All values are normalized to the case without interfacial defects to better illustrate

FIG. 3. (a) Electrical field vs. position near the HTL-perovskite interface under 1 Sun illumination for the devices with a
HTL EA of 2 eV (blue) and 2.5 eV (green). The black dashed line indicates the interface position. The inset shows the band
diagram near the interface. (b) Electron density vs. position for the device; dashed lines denote the cases without defects at
the CTL-perovskite interface and solid lines denote the cases with interfacial defects at a density Nt = 1 × 1011 cm 2 . The
color scheme is the same as that in Fig. 2(c).
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FIG. 4. Simulated Jsc (a), Voc (b), FF (c), and PCE (d) for devices with different EA values for the HTL: 2.6 eV (red), 2.5 eV
(orange), 2.4 eV (green), 2.3 eV (blue), 2.2 eV (purple), 2.1 eV (black), and 2 eV (gray). The arrow indicates the direction of
increasing EA, as depicted in the inset of (a) for the two extreme cases. All parameters are normalized to the values of devices
without interfacial defects.

the effects of increasing interface defect concentration on device performance (see Fig. S6 of the
supplementary material for parameters without normalization). While Jsc [Fig. 4(a)] decreases moderately with increasing Nt for all EA values, the reduction is less significant for the case of higher
HTL EA. In the device with a HTL EA of 2.6 eV (the VBM of the HTL is 0.3 eV larger than that of the
perovskite layer), a marginal reduction (∼2%) is observed at the highest simulated defect density Nt
of 1011 cm 2 , indicating that Jsc loss due to interfacial recombination is minimal. Similarly, Voc and
FF demonstrate negligible reductions at Nt of 1011 cm 2 with the HTL EA of 2.6 eV. However, much
more significant decreases in both Voc and FF are seen at lower interface defect densities for lower EA
values [Figs. 4(b) and 4(c)]. In other words, Voc and FF are less dependent on Nt but more dependent
on the HTL energy levels. Because Jsc is determined by the current collection at 0 bias, where there is
still a large electrical field near the HTL-perovskite interface even in the lower EA devices, a stronger
Nt dependence is expected for Jsc . On the other hand, Voc and FF are determined by current collection
at higher forward biases, where the electrical field is significantly lower with decreasing HTL energy
levels. For the low EA HTL, i.e., with a marginal electrical field near the interface, the existence of
even a small number of defects results in severe interfacial recombination, evidenced by large Voc
and FF reductions. As a combination of the three parameters, the PCE [Fig. 4(d)] of every device with
lower EA HTLs suffers a dramatic decrease at low Nt , followed with a moderate further decrease
with increasing Nt . For the devices with higher EA HTL, PCE only shows a very slow decrease with
increasing Nt . Since attaining a defect-free (<107 cm 2 ) interface is highly unlikely in real devices,
Fig. 4 shows that increasing the HTL energy levels, rather than decreasing Nt (passivating interfacial
defects), is the route toward better performance PSCs. Therefore, experimental efforts on developing
HTL materials with high energy levels are highly valuable.
In conclusion, the impact of interfacial recombination and CTL electronic level positions were
investigated using one-dimensional drift-diffusion device simulation in hybrid organic-inorganic
metal halide perovskite solar cells. CTLs with a favorable band alignment, i.e., high electron affinity/high p-doping for hole transport layers and low electron affinity/high n-doping for electron
transport layers, are shown to be beneficial for maintaining high power-conversion efficiency in
the presence of recombination at the CTL-perovskite interfaces. A largely reduced minority carrier
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density, due to an enhanced local electrical field, is observed near the interface when band alignment
is favorable. With an unfavorable CTL energy level, device performance deteriorates significantly
due to increased recombination through interfacial defects. On the other hand, only a small powerconversion efficiency decrease is observed in devices with a very high interface defect density when
CTL band alignments are favorable. With the current interest to develop better CTLs for PSCs, this
study provides a clear guideline for future CTL design and optimization: while interfacial defect
passivation is one approach to reduce recombination at electrodes, band alignment optimization (i.e.,
HTLs with larger electron affinity/higher p-doping and ETLs with smaller electron affinity/higher
n-doping) provides a more realistic path to suppress detrimental interfacial recombination and boost
performance in PSCs.
See supplementary material for simulation parameters, simulation results for ETL, comparison
between mid-gap and shallow traps, simulation results for varying NA , field and electron density
profiles for the entire devices, and non-normalized results of Fig. 4.
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