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First-principles calculations suggest 
hybrid lead-halide perovskites to have 
energetically shallow intrinsic defects,[3] 
which may partially account for the long 
minority carrier lifetimes measured in 
these materials.[4] Recent works have sug-
gested that the shallow defect states are 
linked to the formation of antibonding 
orbitals at band edges and increased width 
of the conduction and valence bands due 
to spin–orbit coupling.[5,6] Both factors 
may make it more likely that the transition 
levels of defect states are resonant within 
the bands, or positioned closer to band 
edges (forming shallow traps), as illus-
trated and detailed in ref. [5]. It has been  
proposed that such an electronic struc-
ture is not unique to hybrid lead-halide 
perovskites, but rather can occur in 
materials with other heavy ns2 metal 
cations, such as In+, Sb3+, and Bi3+.[5] 
Numerous papers have recently emerged 
exploring these compounds, particu-

larly halides and chalcohalides based on Bi3+. These include 
BiI3,[7–9] (CH3NH3)3Bi2I9,[10,11] (NH4)3Bi2I9,[12] Cs3Bi2I9,[13] and 
CsBi3I10,[14] in addition to Cs2AgBiBr6 double perovskites.[15] 
Calculations on some of these materials have verified the 

Bismuth-based compounds have recently gained increasing attention as 
potentially nontoxic and defect-tolerant solar absorbers. However, many of 
the new materials recently investigated show limited photovoltaic perfor-
mance. Herein, one such compound is explored in detail through theory and 
experiment: bismuth oxyiodide (BiOI). BiOI thin films are grown by chemical 
vapor transport and found to maintain the same tetragonal phase in ambient 
air for at least 197 d. The computations suggest BiOI to be tolerant to antisite 
and vacancy defects. All-inorganic solar cells (ITO|NiOx|BiOI|ZnO|Al) with 
negligible hysteresis and up to 80% external quantum efficiency under select 
monochromatic excitation are demonstrated. The short-circuit current densi-
ties and power conversion efficiencies under AM 1.5G illumination are nearly 
double those of previously reported BiOI solar cells, as well as other bismuth 
halide and chalcohalide photovoltaics recently explored by many groups. 
Through a detailed loss analysis using optical characterization, photoemis-
sion spectroscopy, and device modeling, direction for future improvements in 
efficiency is provided. This work demonstrates that BiOI, previously consid-
ered to be a poor photocatalyst, is promising for photovoltaics.

Photovoltaics

Solar absorbers based on metal cations with stable ns2 valence 
electrons have recently come to prominence.[1] This has been 
fuelled by the rapid rise in the power conversion efficiency 
of hybrid lead-halide perovskite solar cells to over 20%.[2] 
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Prof. V. Bulović, Prof. T. Buonassisi
Massachusetts Institute of Technology
Cambridge, MA 02139, USA
E-mail: buonassisi@mit.edu

Prof. V. Stevanović
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hypothesis regarding their electronic structure.[5,9,11–13] Time-
correlated single photon counting (TCSPC) measurements of 
(CH3NH3)3Bi2I9 and Cs2AgBiBr6, among others, have shown 
that these materials exhibit lifetimes exceeding 1 ns.[11,15,16] 
This is significant because analysis of established thin-film 
solar absorbers has shown that materials with minority-carrier 
lifetimes of 1 ns or above have the potential to reach or exceed 
10% efficiency.[17] Many of these bismuth halides and chalco-
halides have also demonstrated improved air-stability com-
pared to hybrid lead-halide perovskites.[11,13,15] However, devices 
based on these materials have low reported power conversion 
efficiencies under AM 1.5G illumination, between 0.1 and 
1.2%.[1] The short-circuit current densities (JSC, <4 mA cm−2) 
and external quantum efficiencies (EQEs, <60%) have also 
been poor,[1,18] in spite of efforts to extend the photoconversion 
range of bismuth halide semiconductors (JSC < 3.4 mA cm−2, 
EQE < 25%).[14] Although higher efficiencies have been reported 
in bismuth- and antimony-based chalcogenides,[19–22] it is 
important to understand whether the broader range of ns2 
compounds predicted to be defect-tolerant could also exceed 
1% power conversion efficiency and reach the levels needed for 
commercial production after optimization.

Bismuth oxyiodide (BiOI) is another ns2 compound pre-
dicted to have antibonding orbital character at the band edges.[5] 
Consistent with these predictions, calculations have shown the 
valence band to comprise of overlapping Bi 6s, O 2p, and I 2p 
states, with the Bi 6s states occurring at both the bottom and 
top of the valence band.[23] However, the photovoltaic properties 
to date have been poor, with low power conversion efficiencies 
<0.1% and external quantum efficiencies (EQEs) <5% typically 
being reached under monochromatic excitation.[24,25] A recent 
report demonstrated a 1% BiOI photoelectrochemical cell 
under AM 1.5G illumination using an I3

−/I− electrolyte with 
an EQE of up to 60%.[18] However, aside from improving the 
morphology of BiOI, it was unclear whether further increases 
in efficiency could be achieved. Critically, BiOI has recently 
been found to be unstable in 0.5 mol L−1 Na2SO4 electrolyte, 
suggesting BiOI may be unstable in photoelectrochemical cells 
using liquid electrolytes.[26] But attempts to replace liquid elec-
trolytes with solid-state hole transport layers have only resulted 
in 0.1% power conversion efficiency.[27]

In this work, we evaluate in detail the photovoltaic poten-
tial of BiOI through experiment and theory. We find our BiOI 
films to maintain the same crystallographic phase in ambient 
air for the duration of the 197 d testing period. These samples 
exhibit photo luminescence (PL) lifetimes in excess of the 1 ns 
threshold for promising solar absorbers. Through computations, 
we find BiOI to be tolerant to dominant (i.e., low formation 
energy) vacancy and antisite defects. We achieve EQEs of up to 
80% using an all-inorganic thin film device structure: (150 nm) 
ITO|(8 nm) NiOx|(440–940 nm) BiOI|(25 nm) ZnO|(100 nm) 
Al. Our devices exhibit negligible hysteresis, and the JSC values 
and power conversion efficiencies are nearly double those of pre-
vious reports of not only BiOI but also other bismuth halide and 
chalcohalide photovoltaics explored as part of the recent effort by 
many groups to investigate ns2 compounds. To provide direction 
for future research to build upon our work, we analyze the losses 
in our devices through optical analysis, photoemission spectros-
copy, device modeling, and photothermal deflection spectroscopy.

We grew BiOI thin films by chemical vapor transport (CVT) 
inside a two-zone horizontal tube furnace, using BiI3 as the 
source powder and an Ar/O2 gas mixture to oxidize the vapor-
ized BiI3. This process is similar to vapor transport deposition 
systems used industrially.[28] 2D diffraction patterns showed the 
films to be polycrystalline and isotropic (Figure 1a),[29] and 1D 
line scans (Figure 1b) showed that all peaks matched those of 
tetragonal BiOI (P4/nmm, space group 129).[23,30] No additional 
peaks were observed, apart from amorphous broadening from 
the glass substrate between 20° and 28°, indicating our material 
was phase-pure down to the detection limits of our diffractom-
eter. We stored our BiOI thin film in ambient air under standard 
laboratory illumination and repeatedly measured the 1D dif-
fraction pattern over a 197 d period. During this time, the tem-
perature varied between 20 and 25 °C, and the relative humidity 
between 45 and 67%. We found both the diffraction peak posi-
tions and film appearance to remain unchanged over time 
(Figure 1b), indicating that BiOI maintained the same phase 
under the tested conditions. This is a two orders of magnitude 
improvement in stability over methylammonium lead iodide.[11]

We measured the bandgap of BiOI to be 1.93 eV: The indi-
rect bandgap[31] was taken into account by using an exponent of 
0.5 in the vertical axis term on the Tauc plot (Figure 1c, inset). 
This agreed with the photoluminescence peak centered at 
1.9 eV (Figure 1c), red appearance of the films (Figure 1b), and 
previous reports.[32,33] Our semilogarithmic plot of the absorp-
tion coefficient against photon energy[29] also yielded a bandgap 
of 1.93 eV (Figure S1, Supporting Information). A bandgap of 
1.9 eV is highly suitable for a top-cell absorber with silicon in 
tandem photovoltaics.[34] The absorption coefficients are on 
the order of 104 cm−1 (Figure 1c), which are on par with other 
indirect-bandgap solar absorbers.[1]

To evaluate the transport properties of our CVT BiOI films, 
we measured their lifetimes by TCSPC. The PL decays were 
fluence-independent and exhibited initial bowing, followed by 
a tail with a slower decay. We fitted the PL decay with a simple 
biexponential model, as well as with a model[16] accounting 
for generation, surface and bulk recombination, and diffusion 
within the film (Section S2, Supporting Information). These 
models were convolved with the instrument response function 
and fitted to the measured PL decay. In both cases, the bulk life-
time was >1 ns. The fitted recombination model yielded a bulk 
lifetime of 2.7 ns (Table S2, Supporting Information), indicating 
BiOI to be worth investigating for photovoltaic applications.

To understand the tolerance of BiOI to intrinsic point 
defects, we calculated the formation energy as a function of 
Fermi energy of vacancy (VBi, VO, and VI) and antisite defects 
(OI, IO, BiO, BiI, OBi, IBi). These calculations were performed 
using an automated supercell approach with finite size cor-
rections applied, as detailed elsewhere.[35–37] A prerequisite to 
performing these calculations is to assess the stability of BiOI 
elements because the formation of defects involves the addi-
tion or removal of atoms. The assessment was performed by 
using the fitted elemental-phase reference energies (FERE) 
approach for calculating the enthalpies of formation and a 
standard set of equations to determine the stability.[38] A map 
of the thermodynamically stable phases under different chem-
ical potentials for Bi, I, and O is shown in Figure 2a, with the 
phase-stable region for BiOI indicated. The defect formation 
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energies were calculated at the four extrema of this phase-stable 
region (Figure 2b). The slopes in the diagrams indicate the 
defect charge state. Positively sloped defects (e.g., VO) behave 
as donors, while negatively sloped defects (e.g., VBi) behave as 
acceptors. The lowest-energy cross-over between the donor and 
acceptor defects is, to a first approximation, the position where 
the intrinsic equilibrium Fermi energy is pinned, as mandated 
by the charge-neutrality condition. These points (between VBi 
and VI for points A and B; between OI and VI for points C 
and D) are indicated by black arrows in Figure 2b. Calculations 
show that for all considered chemical potentials the equilib-
rium Fermi energy is located near the middle of the bandgap, 
indicating the intrinsic nature of BiOI.

We used X-ray photoemission spectroscopy (XPS) to check 
our predictions of Fermi energy position. Using a method 
reported by Kraut et al.,[29,39,40] we convolved our calculated den-
sity of states for BiOI with a Gaussian representing instrument 
broadening. This convolved model was fit to the leading edge 
of our measured XPS spectrum (Figure 2c). We measured the 
valence band position relative to the Fermi level (VB-EF) to be 
1.01 eV, slightly larger than half the bandgap of 1.9 eV. This 
shows the Fermi level to be close to mid-gap, in agreement with 
our calculations discussed above.

The energy levels of defect states can be determined from 
the calculated defect charge transition levels. For a particular 

defect, the charge transition levels are located at the Fermi ener-
gies at which there is a change in the charge state of the defect. 
Charge transition levels that occur away from the band edges 
behave as deep traps and are detrimental to PV performance. 
Points A and B represent films grown under I-rich conditions. 
The prevalent defects are those with the lowest formation ener-
gies at the equilibrium Fermi energy (VBi, Oi, and VI). These 
are all shallow because their charge transition levels are either 
inside or close to the band edges. Other defects have signifi-
cantly higher formation energies (ΔHD,q > 1 eV), implying that 
they have much lower equilibrium concentrations (Figure 2b) 
and can likely be neglected. In addition, we calculated a high 
dielectric constant (electronic + ionic) of 45, which can help 
to further screen charged defects, contributing to a low trap-
ping probability. Our defect calculations therefore suggest BiOI 
would behave as a defect-tolerant material.

Points C and D represent films grown under Bi-rich condi-
tions. At these points, the calculated formation energies at the 
donor–acceptor cross-over point are close to 0 eV, which indi-
cates high intrinsic concentrations of corresponding defects. 
As the deviations of the formation energies from the zero value 
are within the accuracy of our stability calculations, quantita-
tive predictions of the defect concentrations at points C and 
D require more accurate evaluation of the materials stability 
and the corresponding ranges of the chemical potentials. 

Adv. Mater. 2017, 29, 1702176

Figure 1. Characterization of BiOI thin films. a) 2D X-ray diffraction pattern, b) 1D X-ray diffraction patterns in ambient air over time, and c) absorption 
and spectrally resolved photoluminescence measurements. d) Time-correlated single photon counting measurements of BiOI in air. Biexponential and 
recombination models were fit to the trace measured under 400 nJ cm−2 (detailed in Section S2, Supporting Information).
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Nevertheless, Figure 2b shows that the lowest formation-energy 
(most abundant) defects, VI and OI, are also shallow.

To investigate the photovoltaic potential of BiOI, we devel-
oped an all-inorganic device structure, comprised of NiOx hole 
transport layer and ZnO electron transport layer (Figure 3a). An 
important challenge was that our BiOI has a textured surface 
morphology (Figure 3b), with the grains preferentially oriented 
along the {012} planes (Figure S3, Supporting Information). To 
ensure a continuous electron transport layer, we deposited ZnO 
by atmospheric pressure chemical vapor deposition (AP-CVD).[41] 
Figure 3a–c shows that ZnO was conformal to BiOI.

Using this device structure, we were able to achieve EQEs 
up to 80% (Figure 3d). The integrated JSC values of the EQE 
spectra closely matched the JSC values measured through cur-
rent density–voltage (J–V) sweeps (Table 1). An EQE of 80% 
exceeds the highest previously reported for BiOI[18] and is 
higher than recently reported EQEs from other bismuth halides 
and chalcohalides (discussed in the Introduction).[10,14,42]

We found that we could further improve efficiency by low-
ering the deposition temperature of ZnO from 100 to 80 °C. 
This led to a reduction in the dark current densities (Figure 4a) 
and an increase in the reverse-sweep fill factors from 32 ± 2 to 
39 ± 3%. Conversely, increasing the deposition temperature 
to 120 °C led to increases in dark current density and a sub-
optimal fill factor of 33 ± 4%. Lowering the ZnO deposition 
temperature therefore allowed us to achieve an increase in 

the power conversion efficiency to 1.8% with negligible hys-
teresis, as can be seen from the J–V sweeps (Figure 4c) and 
reverse and forward efficiency values (Table 2). The EQE of our 
highest-performing device (Figure 4d) had an integrated JSC of 
7.3 mA cm−2, which was again comparable to the measured 
reverse and forward sweep JSC values (Table 2). These JSC values 
are almost double the highest previously reported for BiOI.[18] 
An important reason for the high performance of our devices 
is the densely packed morphology of the NiOx (Figure S12, 
Supporting Information) and BiOI layers (Figure 3a,b), as well 
as our conformal AP-CVD ZnO layer (Figure 3a–c). These led 
to low leakage, as can be seen from the low reverse-bias dark 
current density of our optimized device (Figure 4a). Notably, 
our all-inorganic device structure outperformed our devices 
based on TiO2 and spiro-OMeTAD (Figure S13, Supporting 
Information). Our inorganic BiOI device was also more stable 
under constant illumination in air than a similarly structured 
CH3NH3PbI3 device (ITO|NiOx|CH3NH3PbI3|PC60BM|Al), 
as illustrated in Figure 3e. We found BiOI devices to main-
tain their performance when stored in ambient air (21 °C, 
60% relative humidity) for 3 d, whereas CH3NH3PbI3 devices 
degraded from 14.8% on day 1 to 0.07% on day 3, with obvious 
corrosion of the Al top electrode (Figure S14, Supporting 
Information).

To provide direction for future developments, we further ana-
lyzed losses in our BiOI devices. We measured the reflectance 

Adv. Mater. 2017, 29, 1702176

Figure 2. Computations on BiOI. a) Phase diagram of the Bi–O–I system, focusing on phases around BiOI, with the equilibrium region for BiOI shown. 
b) Formation energy of intrinsic point defects in BiOI at the four extrema in the phase-stable region for BiOI. Points A and B correspond to I-rich 
growth conditions, whereas points C and D correspond to Bi-rich conditions. c) X-ray photoemission spectroscopy of the valence spectrum of BiOI 
on FTO-coated glass, fit with the density of states of BiOI convolved with a Gaussian with a FWHM of 0.48 eV to account for instrument broadening.
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of our full device stack using UV–visible spectrophotometry 
with an integrating sphere. The reflectance from the front sur-
face of our device led to an EQE loss of between 3 and 13% 
over the spectral range, with a total loss in JSC of 1.7 mA cm−2 
(Figure 4e). The remaining optical losses were approximated 
using Beer–Lambert law and detailed in Section S5 (Supporting 

Information). These regions are shaded in gray in Figure 4e 
and boundaries tentatively indicated with dashed lines. We note 
that accurately determining each of these losses requires com-
plex and detailed optical modeling that accounts for reflection 
from the textured top Al electrode, which is beyond the scope 
of this work. Nevertheless, our current optical analysis sug-
gests that an important loss mechanism in our devices is due to 
photo generated carriers not being collected.

To gain further insight into the dynamics of photogenerated 
charge carriers, we performed intensity-dependent device 
measurements. The fill factors decreased with increasing light 
intensity (Figure 3f), which led to a decrease in power conver-
sion efficiency, despite the increase in both current density and 
open-circuit voltage (Figure S15, Supporting Information). This 
can be explained by the observed decrease in shunt resistance 
at elevated light intensities (Figure 3f), which is consistent with 
an increase in photogenerated carrier recombination when car-
rier densities rise. The series resistance also decreased with 
increasing light intensity, consistent with increased carrier con-
centration due to photogenerated carriers leading to increased 

Adv. Mater. 2017, 29, 1702176

Figure 3. Characterization of ITO|NiOx|BiOI|ZnO|Al devices. a) Cross-sectional SEM image of the device stack without Al. Top-down SEM images of 
b) BiOI and c) ZnO on BiOI. d) External quantum efficiency (EQE) measurements of BiOI devices with different thicknesses. The absorption depth is 
the inverse of the absorption coefficient, corresponding to the thickness where the transmitted light is e−1 of the incident light. e) Performance of BiOI 
and CH3NH3PbI3 devices over time under constant 1 sun illumination. The normalized efficiencies shown were obtained from measuring the maximum 
power over time at 0.4 V for BiOI and 0.74 V for CH3NH3PbI3, and normalized to the efficiencies measured from J–V curves. f) Intensity-dependent 
measurements of BiOI devices. The dependence of JSC, VOC, and power conversion efficiency with illumination intensity are shown in Section S4 (Sup-
porting Information). The thicknesses shown were measured by cross-sectional SEM, detailed in Section S3 (Supporting Information).

Table 1. Comparison of peak EQE, integrated JSC and JSC measured 
under 1 sun AM 1.5G illumination (corrected for spectral mismatch) for 
the same devices. Average JSC from J–V curves of five devices for each 
thickness are also shown.

BiOI thickness  
[nm]

Peak EQE  
[%]

Integrated JSC  
[mA cm−2]

Measured JSC  
[mA cm−2]

Average JSC  
[mA cm−2]

440 ± 10 79.5 6.4 6.2 5.5 ± 0.5

570 ± 30 80.2 6.4 5.8 5.6 ± 0.4

720 ± 40 72.6 6.5 6.6 6.3 ± 0.5

1090 ± 30 46.4 3.5 3.9 4.0 ± 0.1

1670 ± 20 17.6 1.3 0.6 0.4 ± 0.1



www.advmat.dewww.advancedsciencenews.com

© 2017 The authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702176 (6 of 10)

conductivity in the BiOI layer. We also measured the effect of 
BiOI thickness on EQE and found the peak EQE to decrease 
with increasing thickness above 570 ± 30 nm and shift to 
longer wavelengths (Figure 3d).

We hypothesized that these observations were due to a 
mechanism opposing carrier collection in our devices. If the 
density of photogenerated carriers were high, then there would 
be increased recombination due to limited carrier extraction, 
resulting in the shunt resistance decreasing with increasing 
illumination. In thicker BiOI layers, carriers (particularly 
electrons generated close to the NiOx|BiOI interface by short-
wavelength photons) need to migrate longer before they are 
collected, resulting in lower peak and short-wavelength EQEs. 
Processes reducing carrier collection would exacerbate these 
trends. But if this mechanism were dominant, we would expect 
the series resistance to remain constant with thickness, which 
is not the case (Figure 3f).

An alternative hypothesis is that BiOI forms a depleted het-
erojunction with ZnO: When BiOI is thicker, the intensity of 
light reaching the depleted heterojunction is lower, leading to 
lower EQEs. Our models describing this hypothesis are detailed 
in Section S6 (Supporting Information). These models fit the 
data well and we obtained a depletion width of 570 nm from 
our analysis of devices with 570 ± 30 nm or thicker BiOI.

To improve our understanding of the operation of our devices 
and loss mechanisms, we measured the band structure of our 
device stack through photoemission spectroscopy (PES) on 
each layer. The XPS measurements of NiOx and all of the ultra-
violet photoemission spectroscopy (UPS) measurements were 
fit with tangents to the edge and background on linear scales 
(Figure 5a,f). The VB-EF from XPS of BiOI was fit using the 
method described above for Figure 2c. We checked to ensure 
that there was no beam damage and negligible charging during 
these measurements (Section S7, Supporting Information).[29]

We found the VB-EF of BiOI to decrease with increasing 
thickness from 1.3 to 0.9 eV over the thickness range studied 
(Figure 5 and Table 3). The work function of BiOI also increased 
from 4.6 to 5.1 eV over the same thickness range (Table 3). We 
interpreted this as BiOI exhibiting band bending. The BiOI thin 
film (without top contacts) farthest away from the NiOx|BiOI 
junction (i.e., thickest BiOI) would then have band positions 
closest to equilibrium conditions. The 720 nm thick BiOI had 
a Fermi level 0.9 eV from the valence band, which is close to 
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Figure 4. Investigating the influence of ZnO deposition temperature on the performance of BiOI devices. a) Forward- and reverse-sweep dark J–V 
curves, b) boxplot of efficiencies, c) forward- and reverse-sweep light J–V curves, and d) EQE spectra. The thicknesses of the BiOI layers used in this 
comparison were between 720 and 940 nm (Section S3, Supporting Information). The legends for parts (a) and (c) are the same. e) Above-bandgap 
optical loss analysis for 1.8% BiOI device (920 ± 40 nm BiOI thickness, Figure S10, Supporting Information).

Table 2. Average performance of seven BiOI devices with ZnO deposited 
at 80 °C. Format: average ± uncertainty (best value).

JSC 
[mA cm−2]

VOC 
[V]

FF 
[%]

PCE 
[%]

Rev 6.3 ± 0.5 (7.0) 0.75 ± 0.01 (0.75) 39 ± 3 (43) 1.79 ± 0.03 (1.82)

Fwd 6.3 ± 0.4 (6.9) 0.75 ± 0.01 (0.75) 37 ± 3 (42) 1.74 ± 0.03 (1.81)



www.advmat.dewww.advancedsciencenews.com

© 2017 The authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702176 (7 of 10)

that measured for BiOI on FTO (Figure 2c). The work function 
was 5.1 eV from vacuum level, which is larger than that of NiOx 
(4.8 eV, Table 3). BiOI in contact with NiOx would then exhibit 
downward band bending at the interface. This band bending 
interpretation is also consistent with our work function meas-
urements, with the vacuum level varying with BiOI thickness 
as illustrated in Figure 5g. Additionally, band bending in BiOI 
occurring over hundreds of nanometers is consistent with a low 
carrier concentration that would occur in materials with a mid-
gap Fermi level. An alternative explanation for our PES results 
is that BiOI has fewer pinholes as it becomes thicker. However, 
top-down scanning electron microscopy (SEM) images did not 

reveal any detectable pinholes in any of the samples measured 
by PES (Figure S36–S40, Supporting Information).

We note that the valence and conduction band positions 
of BiOI (6.0 and 4.1 eV relative to vacuum level, respectively) 
are close to those we measured from 2 µm thick BiOI on TiO2 
(6.4 and 4.4 eV, Figure S41, Supporting Information). Our 
measurements of the valence band position of our films are 
close to literature reports (2.0–2.1 eV relative to H+/H2,[26,32] or 
6.4–6.5 eV relative to vacuum).[44]

We also characterized the BiOI|ZnO interface. The ZnO was 
deposited in the same way for the PES measurements as for 
our devices. XPS measurements of ZnO on BiOI revealed an 
onset at 0.8 eV (Figure 5e). We attribute this to the VB-EF of the 
underlying BiOI layer, particularly because we observed Bi and 
I core levels in our XPS measurements (Figure S25, Supporting 
Information). The onset of 0.8 eV is close to that measured 
for 720 nm BiOI, indicating that the top ZnO layer does not 
locally n-dope the BiOI. UPS measurements revealed a leading-
edge onset at 2.8 eV, which is likely the VB-EF of the ZnO over-
layer (Figure S34, Supporting Information). This is because 
our UPS measurements are more surface-sensitive than XPS 
measurements and because the UPS spectra of ZnO on BiOI 
more closely resemble the shape of the UPS measurements 
of ZnO grown on different substrates (Figure S35, Supporting 
Information) than those of BiOI (Figure S31–S33, Supporting 
Information). There were also two features at high binding 
energy in the UPS spectrum of ZnO on BiOI (Figure 5f).  

Adv. Mater. 2017, 29, 1702176

Figure 5. Photoemission spectroscopy measurements of BiOI to determine band structure. a–e) X-ray photoemission spectroscopy (XPS) measure-
ments of NiOx on ITO (a), 220 nm BiOI (b), 440 nm BiOI (c), 720 nm BiOI on NiOx (d), and ZnO on 720 nm BiOI deposited on NiOx|ITO (e). It is 
noted that the thickness measurements were performed on a different set of films but grown under the same conditions (Section S3, Supporting 
Information). f) Ultraviolet photoemission spectroscopy measurements on the same set of films used for XPS measurements. g) Measured alignment 
of device stack. h) Interpreted band alignment based on expected effect of Al top electrode.

Table 3. Valence band position relative to the Fermi level (VB-EF) from 
XPS measurements, and work function (WF) fit from UPS measure-
ments (uncertainties in Section S7, Supporting Information). VB and 
conduction band (CB) positions are relative to vacuum level.

Layer VB-EF 
[eV]

WF 
[eV]

VB 
[eV]

Eg 
[eV]

CB 
[eV]

NiOx on ITO 0.6 4.8 5.4 3.6[43] 1.8[43]

220 nm BiOI on NiOx|ITO 1.3 4.6 5.9 1.9 4.0

440 nm BiOI on NiOx|ITO 1.1 5.0 6.1 1.9 4.2

720 nm BiOI on NiOx|ITO 0.9 5.1 6.0 1.9 4.1

ZnO on BiOI|NiOx|ITO 2.8a) 4.5 7.3 3.5 3.8

a)From UPS measurements.
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The dominant onset likely corresponds to the secondary-elec-
tron cutoff for ZnO, giving a work function of 4.5 eV. Our ZnO 
(3.5 eV bandgap, Figure S42, Supporting Information) therefore 
has valence and conduction band extrema located at 7.3 and 
3.8 eV relative to the vacuum level. While we may expect there 
to be a 0.3 eV electron extraction barrier at the BiOI|ZnO inter-
face, our low-temperature grown ZnO has sub-bandgap states 
(Figure S42, Supporting Information) that may accept electrons 
injected from BiOI.[45] The BiOI|ZnO interface could therefore 
allow barrier-less electron transport, in agreement with the 
absence of any kink at the VOC point of our J–V curves (Figure 4c).

Therefore, from our PES measurements, we observed band 
bending of BiOI next to NiOx. This downward band bending at 
the NiOx|BiOI interface would lead to electron drift to NiOx and 
hole drift to ZnO, respectively, where they would be blocked 
by the low electron affinity of NiOx and high ionization poten-
tial of ZnO. The observed band bending in BiOI would then 
oppose carrier collection and supports our first hypothesis. We 
would then expect that we could overcome this loss mechanism 
by increasing the work function of the hole transport layer to 
exceed that of BiOI (5.1 eV), leading to upward bending of BiOI 
at the interface with NiOx that could aid charge separation. 
This could improve the fill factor and short-circuit current den-
sity, as well as open-circuit voltage (VOC). We did not observe 
a depleted heterojunction between BiOI and ZnO, in opposi-
tion to our second hypothesis. This may be because the ZnO 
we deposited at 80 °C had a low carrier concentration, with a 
Fermi level measured to be 0.7 eV (27kT) below the conduction 
band minimum. The donor density would then be insufficient 
to lead to band bending in BiOI. However, the Al top electrode 
can donate a high density of electrons and cause depletion 
of the neighboring BiOI and thin ZnO layer, as illustrated in 
Figure 5h. This scenario seems plausible since our simulations 
suggest it is unlikely that charge separation is driven only by 
diffusion (Section S6, Supporting Information). If our second 
hypothesis were correct, we would expect to improve device 
performance by illuminating through the ZnO layer.

We identified another possible way of improving device per-
formance by investigating the composition of the BiOI|ZnO 
interface. Analysis of the XPS core spectra showed us that BiOI 
was I-deficient after depositing ZnO in air (Table 4), despite 
minimizing the ZnO growth temperature to minimize damage 
to BiOI (Figure 4). Controlling the surface chemical state, for 
example, with a vacuum-deposited protective layer, may allow 
us to avoid changing the surface composition of BiOI.

Finally, we note that the VOC of our devices (0.75 ± 0.01 V,  
Table 2) is below the Shockley–Queisser limit for a 1.9 eV 
bandgap material (1.6 V).[46] One factor possibly limiting the VOC 
is nonradiative recombination due to shunt pathways or lim-
ited carrier collection (as discussed above). From the J–V curves 
of our devices, we estimated the shunt resistance to be  

230 Ω cm2 under 1 sun illumination (Figure 3f). Previous 
analysis of Au|Cu2O|Ga2O3 devices has indicated that a 
shunt resistance of 230 Ω cm2 would result in the VOC being 
0.8 V below the Shockley–Queisser limit, which is similar to 
the magnitude of VOC loss we observed for our BiOI devices.[47] 
Another factor limiting the VOC could be the offset between 
the work function of the NiOx hole transport layer (4.8 eV, 
Table 3) and electron injection level at either the BiOI con-
duction band minimum (4.1 eV, Table 3) or Al top electrode 
(4.25 ± 0.05 eV).[48,49] These offsets (0.7 and 0.55 eV, respectively) 
could limit the splitting in quasi-Fermi levels for electrons and 
holes and thereby limit VOC. Interfacial recombination could 
also limit VOC. As discussed above, BiOI is I-deficient at the 
interface with ZnO, which may be a source of recombination. 
Disorder in the BiOI absorber could lead to VOC losses, for 
example due to potential fluctuations in the bandgap.[50] Using 
photothermal deflection spectroscopy, we measured the Urbach 
energy to be 70 meV for BiOI grown on quartz, and 90 meV 
for BiOI grown on NiOx on quartz (Figure S43, Supporting 
Information). Cu2ZnSnS4 has a similar Urbach energy and 
has a VOC 0.5 V below its Shockley–Queisser limit value.[46,50]  
Band tails and sub-bandgap states present in the NiOx 
(Figure S43, Supporting Information) and ZnO layers (meas-
ured previously,[45,51] and from Figure S42, Supporting 
Information) can also lead to VOC losses due to carrier thermali-
zation or recombination from the band tails.[45,52] Further device 
modeling and temperature-dependent VOC measurements are 
required to quantify the magnitudes of these different effects. 
However, we would expect that engineering the energy levels 
and interfaces with charge transport layers discussed above 
would also lead to improvements in VOC.

In conclusion, we have demonstrated photovoltaic devices 
with BiOI grown by industrially compatible chemical vapor 
transport. The thin films of BiOI were shown to be stable in 
ambient air for the duration of our 197 d experiment. Our com-
putations predicted BiOI to be tolerant to vacancy and antisite 
defects, owing to high defect-formation energies and a high 
dielectric constant. In our photovoltaic devices, the BiOI thin 
film was sandwiched between NiOx and ZnO charge transport 
layers. The EQEs, JSC values, and power conversion efficiencies 
were improved over previous reports of BiOI devices, as well as 
other bismuth halides and bismuth chalcohalide materials. Our 
loss analyses showed that increasing carrier collection (e.g., by 
increasing the work function of the hole transport layer) and 
interface engineering (e.g., control of BiOI surface chemical 
state when depositing the electron transport layer) are key 
steps that can lead to future increases in efficiency. This work 
demonstrates that BiOI, previously considered to be a poor 
photocatalyst, has excellent potential as a lead-free, air-stable, 
defect-tolerant, and efficient photovoltaic material.

Experimental Section
The full experimental methods are given in Section S1 (Supporting 
Information). The key details are given below.

BiOI Synthesis: BiOI thin films were grown by CVT inside a two-zone 
furnace. The furnace was preheated to 360 °C in zone 1 and 350 °C in 
zone 2. The substrates were loaded into the furnace in zone 2, but close 
to zone 1, and 300 mg BiI3 (Alfa Aesar Puratronic, 99.999% purity on 
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Table 4. Bi/I ratio from fitting XPS core-level spectra.

BiOI thickness  
[nm]

220 440 720 720

ZnO overlayer No No No Yes

Bi/I ratio 1.0 1.0 1.0 1.7
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a metals basis) loaded in a crucible was placed 2 cm away in zone 1.  
An Ar/O2 gas mixture (19 mL min−1 Ar and 4.5 mL min−1 O2) was 
introduced to the closed tube. The growth times used and resulting BiOI 
film thicknesses are given in Section S3 (Supporting Information).

Device Fabrication: ITO/glass substrates (Colorado Concept Coatings 
LLC) were cleaned in acetone and isopropanol by sonication for 15 min 
each, followed by 10 min O2 plasma treatment. NiOx was deposited on 
top by spin-casting a solution of 1 mol L−1 nickel nitrate hexahydrate 
(Sigma-Aldrich) in ethylene glycol with 1 mol L−1 ethylenediamine at 
5000 rpm for 45 s. The films were annealed in air at 100 °C for 40 min, 
followed by 300 °C for 1 h. Following BiOI deposition on top, ZnO was 
deposited by AP-CVD. Diethylzinc (Sigma-Aldrich) was used as the Zn 
precursor, and 100 mL min−1 oxygen gas (Air Products, <3 ppm H2O) 
as the oxidant. To complete the devices, 100 nm Al was thermally 
evaporated at <0.1–1 nm s−1 through a shadow mask on top of ZnO 
under vacuum (5 × 10−6 mbar). The device area was 4.5 mm2, as defined 
by the overlap between the Al top electrode and patterned ITO bottom 
electrode. For CH3NH3PbI3 devices, PbI2 (TCI) and CH3NH3I (Dyesol) 
were dissolved in 30 vol% dimethyl sulfoxide (Sigma-Aldrich) and 
70 vol% γ-butyrolactone (Sigma-Aldrich) by mixing at 70 °C for 1 h. 
The solution was spun on the same NiOx on ITO used for BiOI devices 
at 1000 rpm for 30 s, followed by 4000 rpm for 60 s. 75 µL toluene 
(Sigma-Aldrich) was dropped onto the spinning substrate 32 s from 
the end. The film was annealed at 60 °C for 2 min, followed by 100 °C 
for 30 min inside an N2-filled glovebox. 20 mg mL−1 PC60BM (Solenne 
BV) in chlorobenzene (Sigma-Aldrich) was dynamically spun over the 
perovskite film at 1600 rpm for 40 s, followed by 3000 rpm for 10 s. The 
same Al electrodes were evaporated on top. A 3 mm2 aperture was used 
to measure the CH3NH3PbI3 devices to prevent edge effects.

Characterization: 2D X-ray diffraction patterns were collected using a 
Bruker General Area Detector Diffraction System (GADDS), and grazing 
incidence X-ray diffraction was performed with an incident angle of 
0.5° using a Rigaku SmartLab instrument. Reflectance and transmittance 
measurements were made using a PerkinElmer Lambda 950 UV–vis–
NIR spectrophotometer. The PL spectrum of BiOI was obtained using 
a Horiba LabRam Evolution multiline PL/Raman spectrometer with a 
confocal microscope. TCSPC measurements were performed with a 
532 nm wavelength excitation laser using a single-photon-sensitive 
avalanche photodiode (Micro Photon Devices $PD-100-C0C). The XPS 
measurements in Figure 2 were performed on a Thermo Scientific 
K-Alpha spectrometer (photon energy of 1486.6 eV). In Figure 5, the 
XPS measurements were obtained using a monochromatic Al Kα1 X-ray 
source (hν = 1486.6 eV) with a SPECS PHOIBOS 150 electron energy 
analyzer. The composition of Bi and I were obtained by calculating the 
intensity ratio of the Bi 4f7/2 and I 3d5/2 peaks, taking into account the 
atomic sensitivity factors (4.25 for Bi 4f7/2 and 4.6 for I 3d5/2). The UPS 
spectra were acquired in an Omicron ultrahigh-vacuum chamber with 
excitation provided by the He I emission line (21.22 eV) of a helium 
discharge lamp. Top-down scanning electron microscopy images in 
Figure 3 were obtained using an FEI Magellan (XHR 400L) scanning 
electron microscope. Solar simulations were performed using a Newport 
Oriel 92250A solar simulator and Keithley 2623A source-measure unit at 
1 V s−1. EQE measurements were performed using a 250 W tungsten 
halogen lamp source with an Oriel Cornerstone 130 monochromator.

Computational: Calculations of the total energies of the host and defect 
supercells were performed using the ab initio total-energy and molecular 
dynamics program VASP (Vienna ab initio simulation program). 
Because of its quasi-2D layered nature, the structure of the pristine 
BiOI was fully relaxed (volume, cell-shape, and atomic position) using 
the optB86b-vdW van der Waals functional. Defect calculations were 
performed using a 4 × 4 × 4 Monkhorst–Pack k-point grid, with a plane-
wave cutoff of 340 eV. The ionic and electronic dielectric constants were 
computed using density functional perturbation theory, as implemented 
in VASP. The subsequent atomic relaxations of the defect supercells were 
performed using the Perdew–Burke–Ernzerhof (PBE) functional form 
of the exchange-correlations functional, as described in detail in the 
Supporting Information. We note that we did not use GW and spin orbit 
coupling becasue this resulted in an overestimation of the bandgap.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author, and includes the raw data for this work.
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