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ABSTRACT: Most highly efficient perovskite solar cells employ mixed
iodide−bromide photoactive layers; however, understanding the
beneficial effect of the low (5−15 mol %) bromide content is incomplete.
Here, a series of MAPb(I1−xBrx)3 perovskite layers are investigated to
understand the origin of the high peak power conversion efficiency
(19.2%) observed at small bromide content (0.10 ≤ x ≤ 0.125). For the
x = 0.125 perovskite, 200 meV shallower energy levels are revealed,
accompanied by a reduced density of trap states and stable tetragonal
mixed-halide phase with compressed unit cell. In contrast, the higher
bromide content samples (x > 0.125) show deeper energy levels, cubic
perovskite crystal structure, and signs of halide segregation. Surface
photovoltage measurements unveil an undesirable band bending at the
hole transport layer/perovskite interface for MAPbI3 and x > 0.125
mixed-halide layers, which is eliminated for the x = 0.125 perovskite
because of its shallower Fermi level, enabling enhanced device performance.

Compositional engineering has played a crucial role in
the development of perovskite solar cells. The first
methylammonium lead iodide (MAPbI3) based

devices with power conversion efficiencies (PCE) of 3−4%1

have been improved by applying mixed-halide perovskite
layers, reaching PCEs above 10%2−5 and leading the way
toward the highest performing mixed-cation, mixed-halide
perovskite solar cells currently exceeding 20%6−10 with
certified record PCE of 25.5%.11

One of the main aims of applying mixed-halide anions in the
perovskite layer is to tune the bandgap of the photoactive
material, which is critical to maximize the efficiency of both
single-junction and multijunction solar cells.12−16 Incorporat-
ing increasing quantities of bromide into triiodide perovskite
absorbers allows an almost linear tuning of the optical bandgap
for both methylammonium- and formamidinium-based semi-
conductor layers between 1.6−2.3 eV and 1.5−2.2 eV,
respectively.17−19 Importantly, rather than just modifying the
bandgap, altering the halide composition can also have positive
effects on the crystallization process, the resulting morphology,
as well as the crystal phase and its stability.20,21 MAPbI3 is
mostly observed in the tetragonal phase at room temperature,
and MAPbBr3 is mostly observed in the cubic phase; there is a

transition between the two phases around 20 mol % bromide
content for the mixed-halide samples.18,22−25

An intensively studied phenomenon of mixed iodide−
bromide perovskites is the illumination-induced segregation of
halide anions, resulting in lower-bandgap iodide-rich (and
higher-bandgap bromide-rich) domains, that manifests itself in
the red-shift of the main photoluminescence (PL) peak.26−29

This process can be slowed down or eliminated by applying
mixed cations in the perovskite layer;30−33 however, it has been
shown that the main loss mechanism in mixed-halide-based
solar cells is related to increased trap densities rather than to
halide segregation, leading to significant nonradiative recombi-
nation losses.34 Importantly, reducing the density of trap states
was also linked to suppressed halide segregation providing a
strategy that could enhance both the PCE and stability of
mixed-halide photovoltaic devices.35,36
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Increasing the open-circuit voltage (Voc) of perovskite
devices is essential to progress toward the maximum
theoretical single-junction solar cell efficiency limit.37−40 A
widely applied approach to increase Voc is widening the
bandgap of the photoactive semiconductor material. According
to the Shockley−Queisser limit the maximum single-junction
PCE (32−33%) can be achieved with a semiconductor
bandgap between 1.2 and 1.4 eV.41,42 Therefore, widening
the bandgap of MAPbI3 (1.6 eV) is predicted to increase Voc,
but at the same time a continuous drop in PCE is expected
because of the reduced overlap between active layer absorption
and the solar spectrum leading to a decrease in the generated
short-circuit current density (Jsc). Additionally, in most studies
an intensified Voc loss is observed with growing bromide
content because of increased interfacial and bulk nonradiative
recombination.34,43,44 Despite all of this, some studies have
shown that mixed-halide perovskite photoactive layers
containing a small amount of bromide (5−15 mol %) with
larger bandgap than MAPbI3 itself can enhance, at the same
time, both the Voc and PCE of devices.18,45,46 Interestingly,
some of the high-efficiency (PCE > 22%) mixed-cation
perovskite devices make use of a mixed-halide photoactive
layer with a similar, low (5−10 mol %) bromide content.47,48

This unexpected increase in device efficiency of low bromide
content mixed-halide perovskites still requires clear explan-
ation, especially in terms of a detailed energetic picture.
Valuable information on the energy levels of photoactive

perovskite layers and charge extraction interlayers, as well as on
the band bending at their interfaces can be achieved by
contactless techniques such as ambient photoemission spec-
troscopy (APS) and surface photovoltage (SPV) measure-
ments. APS has been applied not just to determine the valence
band edge (Ev) value of perovskite and organic semiconductor
photoactive layers but also to reveal information on relative
trap state densities.49−52 SPV measures the surface potential
difference between the dark and under light conditions, which
is caused by the photoinduced charge carrier generation and
redistribution.53−55 The redistribution of photogenerated
charge carriers is governed by the band bendings (i.e., electric
fields) present at the interfaces. Therefore, SPV can provide
important information about the internal electric field within
semiconductor layer stacks, as well as interfacial charge carrier
recombination losses in perovskite solar cells.56,57

Herein, we investigate the critical role of a small amount of
bromide content (<15 mol %) incorporated into the MAPbI3
perovskite layer. The mixed-halide MAPb(I0.875Br0.125)3 in-

Figure 1. Optical characterization and device performance of MAPb(I1−xBrx)3 perovskite samples from x = 0 (MAPbI3) to x = 1 (MAPbBr3).
(a) Tauc plots with linear fits used to determine the optical bandgap of perovskite photoactive layers. (b) Structure and cross-sectional SEM
image of the inverted perovskite solar cells. The false color applied to the SEM image follows the scheme shown in the adjacent schematic.
Reverse current−voltage scans under 1 sun illumination applying (c) thin (∼350 nm) and (d) thick (500−600 nm) perovskite photoactive
layers.
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verted structure perovskite solar cells show a high PCE of
19.2% compared to the 18.1% PCE of their MAPbI3
counterparts. We find that with increasing bromide content
(x) of MAPb(I1−xBrx)3 photoactive layers, the optical bandgap
increases continuously; however, all energy levels of the x =
0.125 mixed-halide perovskite become significantly shallower
(∼200 meV) compared to both the x = 0 (MAPbI3) and x =
0.25 perovskite layers. It is found that the x = 0.125 layer has a
reduced density of electronic trap states and a tetragonal
crystal structure with compressed unit cell, without any
measurable signs of halide segregation, which is significantly
different from the higher bromide content (x ≥ 0.15) mixed-
halide perovskite layers. We show evidence by SPV measure-
ments that the shallower energy levels of the x = 0.125
perovskite layer allow the elimination of an undesirable
interfacial band bending at the hole transport layer (HTL)/
perovskite interface that is present in the case of MAPbI3. We
conclude that fine-tuning the energy levels of the MAPbI3
perovskite layer, while keeping a stable tetragonal mixed-halide
phase (with compressed unit cell), is a key factor achieved by a
small amount of bromide incorporation, which leads to the
observed enhancement in both Voc and PCE of the solar cells.
Device Performance of Mixed-Halide Photoactive

Layers. Mixed-halide perovskite photoactive layers with the
composition of MAPb(I1−xBrx)3 were prepared by increasing
the bromide content gradually from x = 0 (MAPbI3) to x = 1
(MAPBr3). The optical bandgap of the mixed-halide semi-
conductor layers, determined from Tauc plots (Figure 1a),
increases monotonically both in the small (x < 0.20, Figure S1)
and large bromide content regime, with slight deflection from a
linear relationship (Figure S2) in the 1.6−2.3 eV range, which
is in good agreement with previous studies.17−19 These
photoactive layers were applied in an inverted structure solar
cell containing indium tin oxide (ITO) on glass as a
transparent conductive substrate, polytriarylamine (PTAA)
with a thin (<10 nm) polymer layer of poly(9,9-bis(3′-(N,N-
dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene))dibromide (PFN) as hole transport layer,
and on top of the perovskite photoactive layer, [6,6]-Phenyl-
C61-butyric acid methyl ester (PCBM) as electron transport
layer (ETL), a thin (<10 nm) layer of bathocuproine (BCP)
and finally evaporated silver (Ag) as top electrode. The
schematic structure of the devices, showing all the constituent

layers along with the cross-sectional SEM image of a high-
performing mixed-halide solar cell, is depicted in Figure 1b.
The devices were prepared first with a thinner (∼350 nm)

photoactive layer to allow for easier fabrication of reproducible,
high-quality perovskite layers, which were also used for the
energetic and optoelectronic characterizations. These photo-
active layers were then optimized for maximum efficiency by
increasing the active layer thickness (500−600 nm).58 The
current−voltage curves of the mixed-halide solar cells
displayed in Figure 1c show that the Jsc gradually drops with
increasing bromide content. This is expected and correlates
with the observed increase in the optical bandgap, resulting in
reduced harvesting of low-energy photons. On the other hand,
the Voc of the MAPb(I1−xBrx)3 cells increases up to x = 0.25
but significantly decreases when x ≥ 0.5, indicating the
presence of intensifying recombination loss processes possibly
because of the growing energetic misalignment with the
transport layers.43 The characteristic values extracted from the
current−voltage curves of thin devices (summarized in Table
1) show that interestingly, the highest PCE (16.1%) is
observed with the x = 0.125 perovskite layer, which is much
larger than the MAPbI3 reference (PCE of 15.0%). This
increase in PCE is due to the higher Voc and FF along with the
maintained value of Jsc. The mixed-halide MAPb(I1−xBrx)3
perovskite layer producing the highest performance at x =
0.125 composition is in very good agreement with another
study observing the same trend with maximum PCE at x =
0.11.59 This increased PCE of the x = 0.125 mixed-halide layer
deviates from the Shockley−Queisser model predicting a
decrease in PCE when increasing the bandgap (+60 meV).
The observed enhancement of Voc with increasing bromide
content is expected as a result of widening semiconductor
bandgap (see Figures 1a and S1). However, according to the
Shockley−Queisser model, the drop in Jsc should dominate and
lead to a reduced PCE for the wider bandgap (1.66 eV)
photoactive layer.41,42 This interesting deviation suggests the
presence of further, yet unconsidered changes in optoelec-
tronic properties with the incorporation of a small amount of
bromide into MAPbI3, which are responsible for the high
maintained Jsc of the x = 0.125 along with the increased Voc.
Optimized devices with much thicker photoactive layers

(Figure 1d) confirm the significantly enhanced average PCE
(18.9%) of the x = 0.125 perovskite devices compared to the

Table 1. Average Photovoltaic Performance of MAPb(I1−xBrx)3 Perovskite Solar Cells Applying Thin (∼350 nm) Photoactive
Layersa

Jsc (mA cm−2) Voc (V) FF (−) PCE (%)

x = 0 (MAPbI3) −19.5 ± 0.1 1.02 ± 0.01 0.75 ± 0.01 15.0 ± 0.1
x = 0.125 −19.8 ± 0.2 1.05 ± 0.01 0.78 ± 0.01 16.1 ± 0.1
x = 0.25 −12.4 ± 0.2 1.12 ± 0.01 0.66 ± 0.02 9.1 ± 0.5
x = 0.50 −6.4 ± 0.2 1.08 ± 0.01 0.58 ± 0.03 4.0 ± 0.1
x = 0.75 −1.9 ± 0.1 0.83 ± 0.02 0.57 ± 0.40 0.9 ± 0.1
x = 1 (MAPbBr3) −1.1 ± 0.02 0.65 ± 0.02 0.37 ± 0.01 0.3 ± 0.1

aThe characteristic values were extracted from reverse current−voltage scans.

Table 2. Average Photovoltaic Performance of MAPb(I1−xBrx)3 Perovskite Solar Cells Applying Optimized Photoactive Layer
Thicknesses (500−600 nm)a

Jsc (mA cm−2) Voc (V) FF (−) PCE (%)

x = 0 (MAPbI3), optimized −20.7 ± 0.4 1.05 ± 0.01 0.81 ± 0.01 17.5 ± 0.4
x = 0.125, optimized −21.1 ± 0.4 1.10 ± 0.01 0.81 ± 0.01 18.9 ± 0.3

aThe characteristic values were extracted from reverse current−voltage scans.
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MAPbI3 reference (PCE of 17.5%), which is mainly due to a
significantly increased Voc (+50 mV) up to 1.10 V with a
slightly larger Jsc (summarized in Table 2; statistical
distribution of characteristic device parameters are compared
in Figure S3). The devices showed the same trend for both
forward and reverse current−voltage scans with minimal
hysteresis (Figure S4 and Table S1). Improved device
efficiency compared to MAPbI3 was also observed with even
smaller (e.g., x = 0.075) bromide content (see Figure S5 and
Table S2); however, the largest Voc increase with maintained
high Jsc, and resulting highest PCE, was observed at x = 0.125,
which puts this composition into the focus of this work. We
notice that the optimized device thickness is different for
MAPbI3 (∼500 nm) and the x = 0.125 mixed-halide perovskite
(∼600 nm), which agrees with previous studies suggesting
defect passivation by bromide incorporation leading to thicker
optimized active layer thickness.59 Importantly, in the
thickness range of 500−600 nm the short-circuit current
density is expected to be already mostly saturated,60 and so we
consider the contribution from the increased absorption to be
minimal. Note that the champion MAPb(I0.875Br0.125)3 devices
reached a PCE of 19.2% (Figure S6), which is to our
knowledge one of the highest values for MAPb(I1−xBrx)3 solar
cells reported in the literature.45,59,61

Energy Levels of Mixed-Halide Perovskite Layers. In
order to understand the observed unexpected increase of PCE
with the x = 0.125 MAPb(I1−xBrx)3 devices, we performed
detailed energy level measurements on all the constituent
layers of the inverted structure solar cell and the perovskite
photoactive layers (with ∼350 nm thickness) covering the full
range of mixed-halide compositions. The values of Ev or
highest occupied molecular orbital (HOMO) were determined
by ambient photoemission spectroscopy (APS), and the Fermi
levels (EF) were taken from the equilibrium dark work function
values measured by Kelvin probe. Considering the negligible
exciton binding energy at room temperature,62−64 the
conduction band edge (Ec) values of the perovskite layers
were calculated by adding the optical bandgap of the
semiconductors (Figure 1a) to the measured Ev. The energy
band diagrams are displayed in Figure 2 (all energy level values
are summarized in Table S2), which show that the HOMO
level of the PTAA/PFN HTL (−5.0 eV) is shallower than the
Ev of the perovskite layers, forming no energetic barrier for
hole transfer from the photoactive layer to the HTL. Similarly,
the LUMO of the PCBM ETL (−3.9 eV) is deeper than the Ec
of the perovskite layers, allowing a barrier-free electron
transfer. The general trend with increasing the bromide
content of the MAPb(I1−xBrx)3 perovskite layers is a deepening
of the Ev from −5.4 eV (MAPbI3) to −5.7 eV (MAPbBr3). As
the optical bandgap of the mixed-halide perovskites become
larger (Figure 1a), the deepening of the Ev is accompanied by
Ec becoming shallower in the energy range of −3.8 eV
(MAPbI3) to −3.4 eV (MAPbBr3), which is in good agreement
with previous studies.65−67 The growing energetic misalign-
ment between the mixed-halide layers and the transport layers
(i.e., increasing difference between the relevant Ev − HOMO
and Ec − LUMO energy levels) was shown to lead to reduced
device performance and can provide partial explanation for the
observed drop in both PCE and Voc for the x ≥ 0.5 mixed-
halide compositions.68,69

Interestingly, the energetics of the x = 0.125 MAPb-
(I1−xBrx)3 sample is outside the general trend as all energy
levels are 200−300 meV shallower compared to the MAPbI3

reference sample. These results reveal a strong correlation
between the energy levels and the solar cell performance as the
highest PCE (Figure 1) was achieved in this x = 0.125 bromide
composition. The HTL deposited under the perovskite
absorber layers (both in devices and in the energy level
measurements) was dopant-free in order to keep its beneficial
effect on reducing interfacial recombination as demonstrated
previously.56,70 The dopant-free nature of the PTAA/PFN
layers is reflected in its relatively shallow EF (−4.7 eV),
compared to which all of the MAPb(I1−xBrx)3 samples showed
a deeper EF (between −4.9 and −5.1 eV) with the exception of
the x = 0.125 perovskite layer (EF of −4.7 eV). This suggests a
different band bending at the HTL/perovskite (x = 0.125)
interface compared to all the other compositions.

Trap States and Structural Changes of Mixed-Halide
Perovskite Layers. To understand the origin of the high
device performance and energetic shift observed with the x =
0.125 perovskite layer we investigate the electronic trap states
and associated structural changes of MAPb(I1−xBrx)3 samples
with varying halide content. The cube root photoemission
spectra of the mixed-halide layers (with ∼350 nm thickness)
are shown in Figure 3a with a linear fit used to determine the
Ev.

56,57 The photoemission signal measured below the
extrapolated Ev (shaded in Figure 3a) indicates the presence
of intrabandgap hole trap states in the perovskite layers.49,50

The relative density of these hole trap states (normalized to
MAPbI3) extracted from the APS spectra are compared in
Figure 3b for the MAPb(I1−xBrx)3 layers, revealing a reduced
density of trap states with small amounts of bromide
incorporation (x ≤ 0.25) and significantly increased trap
densities with larger bromide content. The trap state
passivation observed here might indicate a superior perovskite
crystal structure with reduced defect density,59 formed by
incorporating a small amount of bromide (x ≤ 0.25) into
MAPbI3, which can contribute to Voc increase in devices.
Importantly, the trap state densities of the x = 0.125 and x =
0.25 samples are very similar, while devices with the x = 0.25
photoactive layer show significantly lower Jsc and PCE, which

Figure 2. Energy level diagrams for the hole transport layer
(green), electron transport layer (yellow), and MAPb(I1−xBrx)3
perovskite photoactive layers (blue) with different halide
composition from x = 0 (MAPbI3) to x = 1 (MAPbBr3).
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suggests that other factors likely play a more significant role. In
contrast, the larger trap state densities measured in the higher
bromide content (x > 0.25) mixed-halide samples provide a
plausible reason for the observed Voc loss (Figure 1c), possibly
by increased trap-assisted nonradiative recombination.71,72

Different from the beneficial effects of incorporating a small
amount of bromide (x = 0.125), mixing more (x = 0.25) into
MAPbI3 induces a large drop in Jsc (and associated PCE). In
order to understand this, we carried out further examinations
of perovskite crystal structures and their phase changes under
dark and light conditions. The initial photoluminescence (PL)
spectra of the low bromide content (x = 0.125 and 0.25)
MAPb(I1−xBrx)3 perovskite layers show a blue-shift in the peak
position (see Figure 3c) from 770 nm (x = 0) to 746 nm (x =
0.125) and 726 nm (x = 0.25) as a result of the increased
bandgap. After 5 min of illumination, the peak position of the x
= 0.25 perovskite layer red-shifted by 7 nm (dashed lines in
Figure 3c) but fully recovered to its initial position after 15 min
in the dark (dotted lines in Figure 3c, overlapping with initial
solid lines), both of which have been reported as signatures of
light-induced halide demixing.26,27 This phase-segregation
related phenomenon was clearly present for all higher bromide
content mixed-halide perovskite samples as well (Figure S7).
Strikingly, the first signs of such peak shifts were observable at
x = 0.15 (2 nm peak shift, see Figure S8) but did not appear at
all for the x = 0.125 perovskite layer. This result indicates a
stable crystalline structure of the x = 0.125 mixed-halide layer,

not being subject to light-induced halide phase-segregation,
which correlates well with its high device performance. These
results are also in good agreement with other studies
suggesting that the vacancy-assisted ion migration induces
halide segregation, contributing to degradation of device
performance,73−76 as found here with the high bromide
content samples.
Structural analysis by XRD reveals that MAPbI3 (x = 0)

exists in the tetragonal phase, evidenced by the (121)
diffraction peak observed at 23.5° 2θ (Figure 3d, see full
spectra in Figure S9).46,77 Another signature of the tetragonal
phase is its transition to orthorhombic phase between 130 and
150 K that is observed for the MAPbI3 reference sample in
temperature-dependent PL measurements (Figure S10).78,79

Importantly, both the (121) diffraction peak at 23.5° 2θ and
the PL transition temperature around 140 K are observed for
the x = 0.125 perovskite sample; however, neither are present
for the higher bromide content (x ≥ 0.20) mixed-halide
samples (see Figure 3d for XRD and Figure S10 for
temperature-dependent PL signals).
The decrease in the relative intensity of the (121) diffraction

peak relative to the (022) diffraction peak when the
composition changes from x = 0 to x = 0.125 is also
accompanied by a shift of the (110) diffraction peak at 14.15°
2θ to higher angles (see Figure 3e). This translates to the
reduction of unit cell volume with increasing bromide content,
as illustrated in Figure 3f. Such compression of unit cell

Figure 3. (a) Ambient photoemission spectra of MAPb(I1−xBrx)3 perovskite photoactive layers with different halide composition from x = 0
(MAPbI3) to x = 1 (MAPbBr3) showing the linear fit used to determine the valence band edge. The shaded parts of the spectra represent trap
states below the valence band edge. (b) Comparison of trap state related areas normalized to MAPbI3 (x = 0). (c) Normalized PL spectra of
MAPb(I1−xBrx)3 perovskite layers with low bromide content (x ≤ 0.25) measured initially (solid lines), after 5 min light soaking (dashed
lines), and after 10 min dark recovery (dotted lines, overlapping with initial solid lines). X-ray diffractograms comparing the (d) (121),
(022) and (e) (110) diffraction peaks. (f) Tetragonal perovskite crystal structure indicating with red arrow the change in lattice constant
with increasing bromide content.
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volume has been correlated to a reduced density of trap
states,80,81 which is in excellent agreement with the decreased
trap state density measured by APS for the small bromide
content (x ≤ 0.25) perovskite samples (see Figure 3b). It
seems, however, that the positive effect of the crystal structure
change on device efficiency holds only while the perovskite
layer is in the tetragonal phase (x ≤ 0.125), after which halide
segregation starts to dominate. This hypothesis is supported
when considering the best performing (highest perovskite layer
quality) x = 0.125 composition showing minimal reduction in
the (121) diffraction peak intensity (Figure S11), i.e.,
maintaining the tetragonal crystal phase, but with reduced
unit cell volume, which is a plausible explanation for the
observed energetic shift toward shallower energy levels (Figure
2). It has been shown that increasing the crystal symmetry (i.e.,
transition from tetragonal to cubic phase) can reduce ion
migration activation energy,75,82,83 rationalizing the importance
of the tetragonal phase in the context of halide segregation.
Interestingly, a similar relationship between changing perov-
skite crystal structure and halide segregation appearing only at
a certain composition was also observed in triple halide
perovskite studies.84

Scanning electron microscopy (SEM) images show similar
coverage and grain size (200−300 nm) for both MAPbI3 and
MAPb(I0.875Br0.125)3 layers (see Figure S12), while the root-
mean-square (RMS) roughness measured by atomic force
microscopy (AFM) is slightly reduced (see Figure S13 and
Table S4) for the low bromide content (x ≤ 0.125) layers (8.3
± 0.7 nm) compared to MAPbI3 (9.5 ± 0.5 nm). However,
further increasing the bromide content of the mixed-halide
perovskite layers results in a significantly larger RMS roughness
(12.3−27.2 nm), confirming a less desirable morphology with
higher bromide ratios (x ≥ 0.15).
Surface Photovoltage of Mixed-Halide Perovskite

Layers. After gaining insight into structural and energetic
changes of the MAPb(I1−xBrx)3 perovskite layers, both
showing distinctive characteristics at the x = 0.125
composition, the relation between the observed energy level
changes and device performance is investigated further by SPV
and alternating current surface photovoltage (AC-SPV)
measurements. The difference between the signal generation
of the two Kelvin probe-based techniques is illustrated in
Scheme 1.
When a Kelvin probe is used to determine the work function

of a semiconductor sample, the voltage signal is typically
generated by a vibrating (here ∼80 Hz) metal tip modulating
the capacitance between the tip and the grounded sample.85,86

In the case of SPV, the surface potential in the dark (WFdark)
and under illumination (WFill) is measured, and their
difference is calculated: SPV = WFill − WFdark. Note that
work function and Fermi level are defined under dark,
equilibrium conditions; hence, WFill is referred to as surface
potential under illumination. The voltage signal (see Scheme
1) is generated by a vibrating KP tip (i.e., by the periodic
sinusoidal displacement of the tip varying the capacitance via
changing the tip−sample distance). Measuring the peak-to-
peak values of the voltage signal under different applied
backing voltages allows for the determination of the surface
potential of the sample. The surface potential can be obtained
in this way both in the dark and under illumination (contrary
to AC-SPV), enabling the recording of their difference (i.e.,
SPV), as well as the turn-on and -off SPV dynamics.

In contrast, AC-SPV applies chopped light with a certain
frequency (here ∼300 Hz), while the Kelvin probe tip is kept
stationary.87,88 The voltage signal for AC-SPV signal is
generated by the chopped light modulating the surface
potential of the sample and by that creating an AC current
between the tip and the sample. This means that there is no
reference potential measured in the dark, only a potential
difference (peak-to-peak value of the sinusoidal voltage signal)
under AC-modulated incident light. In both SPV and AC-SPV
the redistribution of the photogenerated charge carriers is
necessary to observe a signal, which is governed by the band
bendings (i.e., electric fields) present in the semiconductor
layer.53,56 However, for a significant AC-SPV signal (i.e., large
peak-to-peak value for the voltage signal) to be observed, both
a relatively fast charge generation and redistribution under
illumination and a quick recombination (and/or redistrib-
ution) of charge carriers in dark conditions is necessary.89,90

Therefore, SPV measurements can track the slow (seconds
time scale) surface potential changes under illumination such
as ion migration in perovskites, while AC-SPV is better suited
to investigate faster processes on the time scale of the light
modulation frequency (here, ∼3 ms). This makes AC-SPV a

Scheme 1. Schematic Representation and Experimental
Timelines of Signal Generation Comparing Surface
Photovoltage (SPV) and Alternating Current Surface
Photovoltage (AC-SPV)
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Figure 4. (a) Surface photovoltage (SPV) and (b) alternating current surface photovoltage (AC-SPV) signals of MAPb(I1−xBrx)3 perovskite
photoactive layers with different halide composition deposited on ITO/PTAA/PFN hole transport layer. Dashed vertical lines indicate when
the light was turned on (first line) and off (second line).

Scheme 2. Energy Band Diagrams Showing Surface Photovoltage (SPV) Generation for (a) x = 0 (MAPbI3) (SPV1) and (b) x
= 0.125 MAPb(I1−xBrx)3 (SPV2) Thin Films Deposited on ITO/PTAA/PFN Hole Transport Layera

aFor simplification, only one underlayer, labelled PTAA, is shown. WFP denotes the work function of the ITO/PTAA/PFN underlayer, while
WFdark1, WFill1, WFdark2, and WFill2 are the measured surface potential of MAPbI3 and MAPb(I0.875Br0.125)3 in dark and at illuminated steady state,
respectively. The middle diagrams show the first moment of charge-carrier generation by light absorption (red dotted lines) and charge transport
(by drift closer to the interface and diffusion in the bulk) indicated by black arrows. The vacuum level, Fermi level, valence band edge, and
conduction band edges are denoted by Evac (dotted line), EF (dashed line), Ev, and Ec, respectively. Electrons and holes are represented by circles
with negative and positive signs, respectively.
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useful tool to study the faster electronic processes in
perovskites separate from the slower ionic contributions.
The SPV signal of the MAPb(I1−xBrx)3 perovskite layers

deposited on PTAA/PFN HTLs show a positive sign in all
cases (Figure 4a), confirming the anticipated increased density
of electrons at the surface of the samples.56,57 The magnitude
of SPV for the MAPbI3 reference (185 mV) increases (to 200
mV) at x = 0.125; however, it drops gradually (to 100−180
mV) for the higher bromide content mixed-halide samples (x
≥ 0.25). The significant variation in SPV magnitude suggests a
change in band bending at the HTL/MAPb(I1−xBrx)3 interface
with different halide contents. Note that if there was a change
in the surface (i.e., perovskite/air interface) band bending
between the mixed-halide layers, a smaller SPV value would be
expected49,91 for the MAPb(I0.875Br0.125)3 sample with fewer
surface trap states compared to MAPbI3; however, the
opposite is observed.
The change in interfacial band bending is expected

considering the EF alignment between the PTAA/PFN HTL
and the mixed-halide photoactive layers: the EF of MAPbI3 lies
deeper that of the HTL, generating an upward band bending
toward the surface after EF alignment, as illustrated in Scheme
2a. This upward (toward the surface) band bending represents
an undesirable electric field as it drives photogenerated
electrons toward the HTL and its effect becomes larger as
the EF of the MAPb(I1−xBrx)3 layers get deeper (x ≥ 0.25).
The positive SPV signal for these layers (see Figure 4a) is due
to the blocking property of the HTL, which extracts holes
selectively, resulting in an increased density of electrons in the
perovskite layer. Such an electron-blocking property of the
HTL is that allows for the band bending to extend beyond the
flat band condition. However, the large upward (toward the
surface) band bending at the HTL/MAPbI3 interface clearly
limits the SPV magnitude as well as the linked device
performance. In contrast, with the 200 meV shallower EF of
the (x = 0.125) perovskite layer the same amount of change in
band bending is expected, and so the undesired interfacial band
bending can be eliminated as illustrated in Scheme 2b, allowing
for a more efficient separation and transport of electrons and
holes at the HTL/perovskite interface, thereby enabling the
generation of a larger SPV and in devices a higher
performance.
The SPV turn-on response times are relatively fast in all

cases; however, on the normalized SPV signals (Figure S14) it
is observed that the x = 0.125 composition shows a slightly
faster SPV turn-on as the interfacial electric field helps charge
extraction, compared to MAPbI3. When the light is turned off
there is a quick drop in the SPV signal for all samples; however,
there is still an offset present and SPV decays back slowly, on
the seconds time scale, to its initial dark equilibrium value.
This slow decay after illumination is turned off was linked to
slow ion migration and trapped charge carriers in the
perovskite layer,56,92−94 which can explain the significantly
lower SPV offset of the x = 0.125 perovskite layer with more
perfect crystal structure and reduced trap density compared to
MAPbI3.
The AC-SPV signals of the mixed-halide samples (Figure

4b) show the same trend as SPV, but the differences in AC-
SPV values are even larger. This is due to AC-SPV measuring
mainly the faster electronic charge carriers, without the effects
of slow ion movement, making the technique more sensitive to
the changes in internal electric field within the sample. The
AC-SPV magnitudes of the MAPb(I1−xBrx)3 layers follow the

same trend as the EF: the x = 0.125 sample with 200 meV
shallower EF generates more than three times larger AC-SPV
signal compared to the reference (x = 0) and the x = 0.25
sample, both of which show exactly the same deeper EF (−4.88
eV) as well as the same magnitude of AC-SPV signal. Further
deepening of the EF (x ≥ 0.25) results in significant drop
(more than 50%) in the magnitude of AC-SPV signal
compared to the x = 0 and x = 0.25 samples. This striking
correlation between the EF of the MAPb(I1−xBrx)3 layers and
the AC-SPV magnitudes provides strong evidence for the
electronic charge carrier separation and transport being
determined by the band bending at the HTL/MAPb(I1−xBrx)3
interface with varying bromide content (see Scheme 2). The
largest AC-SPV (and SPV) signals of the x = 0.125 mixed-
halide layer suggests the presence of optimal interfacial band
bending. Together with stable crystalline structure against
halide segregation and reduced trap states, the x = 0.125
mixed-halide layer provides an effective way to tune the
energetics and through that the interfacial band bending to
achieve more efficient charge extraction. This is also well
aligned with faster transient photocurrents reported using a
similar composition (x = 0.11) mixed-halide layer.59 Finally,
the increased efficiency of charge transport enabled by the
modified interfacial band bending provides explanation for the
simultaneously enhanced Voc and PCE of the x = 0.125
MAPb(I1−xBrx)3 perovskite solar cells.
In summary, MAPb(I1−xBrx)3 mixed-halide perovskite

photoactive layers were investigated in inverted structure
solar cells, and a peak efficiency (PCE of 19.2%) was found at
low bromide content (x = 0.125), despite the large bandgap
(1.66 eV) of the absorber. The analysis of the energetics
revealed a deepening of the EF and the Ev with increasing
bromide ratio (x ≥ 0.25), except for the high performing x =
0.125 perovskite layer possessing 200 meV shallower energy
levels compared to MAPbI3. It was found that incorporation of
a small amount of bromide content reduces the density of hole
traps and it compresses the unit cell of the mixed-halide
perovskites, which have a positive effect on the crystalline and
electronic quality of the photoactive layer. Importantly, the x =
0.125 perovskite layer shows no signs of halide segregation.
The composition where the phase segregation related redshift
in PL is first observable (x ≥ 0.15) coincides with the
disappearance of the tetragonal perovskite crystal phase,
evidenced by XRD and temperature-dependent PL measure-
ments. This shows that the shallower energetics of the x =
0.125 mixed-halide layer is linked to a compressed perovskite
structure with reduced density of defect states compared to
MAPbI3, which is stable as it is still mostly in the tetragonal
crystal phase. SPV and AC-SPV measurements revealed that
the deep EF of the MAPb(I1−xBrx)3 layers (x = 0 and x ≥ 0.25)
is the origin of an undesirable upward (toward the surface)
interfacial band bending at the HTL/perovskite interface,
reducing device performance. In contrast, the shallower energy
levels of the x = 0.125 perovskite layer provide a way to
eliminate this hindering interfacial band bending, thus
increasing the efficiency of charge extraction and allowing for
the observed enhancement of PCE. These findings give
detailed insight into the energetic and structural origin of the
peculiar solar cell efficiency increase of the MAPb(I1−xBrx)3
perovskite solar cells containing a small amount of bromide (x
= 0.125). These results also highlight the important role of
energetics and interfacial band bending in perovskite solar
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cells, showing that their careful tuning is essential and a
successful way to increase their device efficiency.
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