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notably, the widely used MAPbI3 (MA =  
CH3NH3

+) perovskite and related sys-
tems have exceeded initial expectations, 
with a remarkably defect tolerant elec-
tronic structure, resulting in a race for 
power conversion efficiencies (PCE) that 
approach the Shockley-Queisser limit.[1,2] 
As current PCE values exceed 25%, a 
deeper understanding of the mechanisms 
limiting efficiency is needed to further 
push the boundaries toward the theoret-
ical limit. In this regard, the perovskite 
community has expended great efforts to 
optimize perovskite film morphology (e.g., 
film continuity and grain size), with the 
expectation that larger grain size should 
improve performance through reduced 
grain boundary recombination.[3,4] How-
ever, contradictory results, based on  
the evolution of solar cell performances 
with grain size (and associated grain 
boundary density), have appeared in the 
literature. While some studies report 
an increased PCE with increasing grain 
size,[5–7] Sherkar et al. have demonstrated 
that defects at grain boundaries in com-
pact films are benign for solar cells under 

normal solar fluence levels due to their neutral nature when 
filled.[8] Density functional theory (DFT) and high-resolution 
imaging techniques have also been used to address the ques-
tion of grain boundaries, but no agreement emerges from the 
different studies, as some reports suggest benign or beneficial 
grain boundaries[9,10] while others conclude that grain bounda-
ries are detrimental for recombination.[11,12] The nature of grain 
boundaries is also reported to be dependent on the film growth 
conditions according to DFT calculations.[13] In an attempt to 
improve the solar cell performances, additive engineering has 
been developed to optimize the thin film morphologies, opto-
electronic properties, and stability through the use of a growing 
range of additives including polymers, small molecules, metal 
or organic halide salts, inorganic acids, and nanoparticles.[3] 
Thiocyanate compounds such as methylammonium thiocy-
anate (MASCN) or lead thiocyanate (Pb(SCN)2), for example, 
have been used to increase the grain size, but little is known 
about the impact of such additives on the optoelectronic prop-
erties of the perovskite layer.[14–16] Additionally, excess PbI2 has 
been successfully introduced in MAPbI3 films to improve the 
solar cell performances.[17–20] Some reports suggest that PbI2 
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1. Introduction

Metal-halide-based perovskite materials have attracted substan-
tial attention over the last decade, driven in part by Pb-based 
systems that are promising for solar energy application. Most 
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passivates defects at the grain boundaries, therefore decreasing 
the nonradiative recombination and increasing the carrier  
mobility.[21–23] According to DFT calculations, excess PbI2 is 
also expected to have a self-doping effect on MAPbI3, as has 
been experimentally observed through a shift of the Fermi level  
toward the conduction band.[24–27] Nevertheless, the role of 
excess PbI2 in MAPbI3 optoelectronic properties remains to be 
fully understood.

To improve our understanding of additive engineering—i.e., 
particularly the role of PbI2 passivation, MASCN additive, grain 
size and grain boundaries on solar cell performance—we need 
to examine the perovskite film transport and recombination  
properties in more details. In this work, we use a newly devel-
oped carrier-resolved photo-Hall (CRPH) characterization tech-
nique using parallel dipole line ac Hall system.[28,29] This CRPH 
technique gives simultaneous access to both majority and 
minority carrier properties, including carrier recombination 
lifetime and diffusion length, all as a function of light intensity 
and including intensities comparable to 1 sun (the most impor-
tant regime for solar application). Hall measurements carried 
out under illumination on halide perovskite films and crys-
tals have been reported by Chen et al.[30] However, this earlier 
study reports the extraction of carrier recombination lifetime 
and diffusion length considering the Hall density extracted 
using the single carrier model (which is only valid in the dark). 
Under elevated light intensity, both electrons and holes must 
be accounted for in the calculation of excess carrier density 
and in the determination of minority carrier properties. In this 
study, we use a new equation derived by Gunawan et al.,[28] 
which enables the determination of excess carrier density as 
well as mobility for majority and minority carriers using light 
intensity-dependent photo Hall measurements. Hall meas-
urements in perovskite films are generally very challenging 
due to the medium to low range mobility (≈10 cm2 V−1 s−1)  
and very high sample resistance (>100 MΩ). We success-
fully obtain Hall signals from the perovskite samples over a 
wide ranging of light intensities using an ac magnetic field 
produced by a rotating parallel dipole line (PDL) Hall system 
followed by lock-in detection.[29] Using this carrier-resolved 
photo-Hall analysis technique, we obtain rich information 
regarding transport parameters from our samples, namely, 
carrier density, hole and electron mobility, carrier recombina-
tion lifetime and hole/electron/ambipolar diffusion lengths, 
under varying light intensity (photocarrier density), with var-
ying grain size (tuned with MASCN and annealing tempera-
ture) and with/without addition of extra PbI2. We show that 
extra PbI2 induces defect passivation, improving the carrier 
recombination lifetime by one order of magnitude, as well as a 
slight n-doping effect. Transport and recombination properties 
are found to be nominally independent of grain size, thereby 
implying that PbI2 passivation must primarily arise within the 
film bulk rather than at the grain boundaries (and also indi-
cating that grain boundaries are nominally benign for the pro-
cessing conditions used in this study). We discuss potential 
mechanisms responsible for improved lifetime by correlating 
our results with previous DFT studies.[24,25,31,32] Additionally, 
we show that the MASCN additive used to tune the grain size 
has no measurable impact on the optoelectronic properties of 
the MAPbI3 films.

2. Results and Discussion

2.1. PbI2 Passivation

As excess PbI2 has been suggested to passivate defects at grain 
boundaries,[17,21,23] we first compare the evolution of electrical 
parameters with and without the addition of 5% extra PbI2 in 
MAPbI3 using CRPH measurements. An excess PbI2 concen-
tration of 5% is chosen as it led to improved solar cell perfor-
mance in a recent study.[14] To avoid possible competing impacts 
of grain size and PbI2 addition, we tune the grain size using the 
additive methylammonium thiocyanate (MASCN) and adjust 
its concentration (in mol%) to reach similar grain sizes with 
and without the extra PbI2. MASCN has been demonstrated to 
help the formation of larger grains when added to the MAPbI3 
precursor solution.[14] Films processed using stoichiometric 
conditions (0% extra PbI2) exhibit an average grain size of 
600 ± 100 nm with 10% MASCN added. With the addition of 
5% extra PbI2, a concentration of 5% MASCN yields a similar 
average grain size of 800 ± 100 nm (see SEM comparison in 
Figure 1a,b). Therefore, we expect a limited impact of grain 
size between the two types of samples. It is worth mentioning 
that no phase associated with SCN is observed in XRD patterns 
(Figure 1c), suggesting that the additive does not substantially 
remain in the film after deposition and annealing. Addition-
ally, Han et al.[14] showed that no residual SCN can be detected 
in the final film using depth profiling XPS and transmittance 
infrared measurements. They proposed that SCN− and MA+ 
react to form CH3NH2 and HSCN or CH3SCN and NH3 gases, 
all expected to leave the system during film formation. More-
over, we will later show in more detail that the use of MASCN 
additive has no experimentally significant impact on electrical 
parameters.

With the addition of 5% extra PbI2, a secondary phase sur-
rounding the perovskite grains appears in the SEM images 
(Figure 1b). Appearance of lighter colored grains in SEM 
images has already been reported for MAPbI3 processed with 
excess PbI2 or annealed at high temperature and has been 
attributed to the PbI2 phase.[17,22,23,33] Energy-dispersive X-ray 
(EDX) analysis was performed on a sample with larger grain 
size (MASCN concentration of 10%) to facilitate the measure-
ment and shows an evolution of the I/Pb atomic ratio from 
2.78 ± 0.07 at the interior of the grains, consistent with MAPbI3 
phase, to 2.16 ± 0.09 on the lighter colored grains at the grain 
boundaries, consistent with PbI2 phase. EDX results are sum-
marized in Figure S1 and Table S1 (Supporting Informa-
tion). XRD patterns with and without extra PbI2 are given in 
Figure 1c). While the intensity of the peaks and the preferred 
orientation along the (110) axis are preserved, the addition of 
5% extra PbI2 leads to the formation of an additional peak at 
12.7° corresponding to the PbI2 phase. Therefore, SEM images 
and XRD patterns support the notion that a PbI2 phase forms 
at the grain boundaries of MAPbI3 when 5% extra PbI2 is used 
in the precursor solution.

To determine the impact of extra PbI2 on minority and 
majority carrier properties, we carried out CRPH measure-
ment employing two samples per condition. A complete 
description of the CRPH technique has been recently reported 
by Gunawan et al.[28] The extraction of electrical parameters 
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for both electrons and holes relies on measuring the Hall 
coefficient H and conductivity σ at different light intensi-
ties, which varies by up to eight orders of magnitude. At any 
illumination, the conductivity and Hall coefficient depend on 
both electron and hole mobility and density, given by the fol-
lowing relations

e p np nσ µ µ( )= +  (1)

H
r p n

e p n

2

2

β
β

( )
( )

=
−
+

 (2)

where e is the elementary charge, µp and µn are the hole and 
electron (drift) mobilities, p and n are the hole and electron 
densities, β = µn /µp is the mobility ratio, and r is the Hall scat-
tering factor, which can be considered equal to unity as com-
monly used in many Hall studies (this implies that the drift 
and Hall mobility are close or equal).[34]

Considering an n-type material, we have the total electron 
density n = n0 + Δn and the hole density p = Δp where n0 is 
the equilibrium or background electron carrier density in the 
dark. We assume equal photo carrier density for both electrons 
and holes Δn = Δp. With three unknowns (µp, µn, and Δn),  
Equations (1) and (2) cannot be solved at any given light 
intensity. To solve this problem, Gunawan et al.[28] have derived an 
equation independent of light intensity that yields an additional  
parameter ΔµH

d H d
dlnH

dln
HH / 22µ σ σ

σ
σ( )∆ = = +



  (3)

where ΔµH is the Hall mobility difference. The (drift) mobility 
difference is given as: Δµ = µp − µn = ΔµH/r. Therefore, by meas-
uring H and σ at variable light intensity and extracting the 
gradient of ln(H) with respect to ln(σ), it is possible to solve 
Equations (1), (2), and (3) at any given light intensity. We first solve 
for β as given in Table S1 (Supporting Information) of ref. [28].  
Then, we can determine the hole mobility µp = Δµ/(1−β), 

electron mobility µn = βµp, and the photo carrier density Δn at 
any light intensity, which is given as

n
e n

e
n

1

1
for type0σ β µ β

µ β
( )( )

( )∆ =
− − ∆
∆ +

−  (4)

Figure 2 displays the evolution of the Hall coefficient H 
with respect to the layer conductivity σ for one set of sam-
ples processed with and without extra PbI2. To extract the Δµ  
value necessary to resolve the photo-Hall equations, the slope 
dln(H)/dln(σ) is extracted from the H-σ plot using a loga-
rithmic scale. Hall coefficients measured for both thin films 
at and near dark conditions are negative, indicating that the 
MAPbI3 films in the current study are n-type with and without 
extra PbI2, contrary to the p-type character for the MAPbI3 films 
(prepared using a different approach) studied during a recent  
photo-Hall experiment.[28] It is worth noting that these results 
correspond to the first n-type materials characterized with the 
CRPH measurement, confirming the ability of the technique to 
study both types of semiconductors with low carrier densities. 
With dln(H)/dln(σ) values between −1.09 and −1.3, and using 
Equation (3) we obtain negative Δµ values and therefore µn > 
µp. An example of the Hall coefficient measurement using ac 
field PDL Hall system is given in Figure S2 (Supporting Infor-
mation). As can be observed in Figure S2e (Supporting Infor-
mation), the Hall signal recorded over 15 min lock in detec-
tion stabilizes after 300–400 s, and it is from this region of the 
measurement that the Hall coefficient is extracted. Moreover,  
to exclude possible light-induced ion migration effects, we have 
measured the sheet resistance from low to high and back to 
low light intensities. The corresponding data are displayed in  
Figure S3 (Supporting Information) and exhibit a low level of 
hysteresis, suggesting a negligible impact of ion migration.

The evolution of µn, µp, and Δn and the Hall density nHall with 
the generation rate G (or incident light intensity) for MAPbI3 
processed with and without extra PbI2 are shown in Figure 3 
for one sample each. Here we assume that the generation rate 
G is equal to the absorbed photon density Gγ, which implies 
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Figure 1. SEM images of the MAPbI3 film surface processed with a) 0% extra PbI2 (10% MASCN) and b) 5% extra PbI2 (5% MASCN) using a mag-
nification of 25kx. c) X-ray diffraction (XRD) spectra comparing the samples without extra PbI2 (10% MASCN) and with 5% extra PbI2 (5% MASCN).
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a photogeneration quantum efficiency equal to unity. Details 
about the calculation of the generation rate G can be found in a 
previous study.[28] The electron and hole mobilities are constant 
over the range of light intensities studied and therefore exhibit 
a slightly different behavior from the p-type films previously 
measured by Gunawan et al.,[28] for which a mobility increase 
is reported with increasing light intensity. The average elec-
tron mobilities µn, with values of 21 ± 9 and 20 ± 4 cm2 V−1 s−1 
without and with extra PbI2 respectively, are slightly higher than 
the average hole mobilities µp of 14 ± 5 and 12 ± 4 cm2 V−1 s−1,  
respectively. The mobilities obtained in our study are consistent 
with values reported in the literature for MAPbI3.[35] The similar 
values obtained for µn and µp with and without extra PbI2 sug-
gest that no change related to shallow traps is induced by the 
PbI2 phase at the grain boundaries or in the bulk. This observa-
tion is in general agreement with the slow decrease in mobility 
with excess PbI2 suggested by the Hall measurements performed 
by Wang et al.,[27] but in contradiction with the Hall mobility 
increase measured after a 145 °C anneal by Shan et al.[22] As 
MAPbI3 thin films decompose around 150 °C,[36] it is possible 
that new defects or enhancements in the crystalline quality arise 

in the film due to the higher temperature treatment, thereby 
changing the mobility of the layer in the Shan et al. study.

The Hall density nHall is extracted at each light intensity fol-
lowing the standard Hall relation for a single carrier: n = −r/He. 
For generation rates lower than ≈1018 cm−3 s−1, nHall remains 
approximately constant and equal to the equilibrium electron 
density measured in the dark. Equilibrium carrier densities of 
(1.0 ± 0.2) × 1011 cm−3 and (2.6 ± 0.1) × 1012 cm−3 are obtained 
for MAPbI3 processed under stoichiometric conditions and 
with 5% extra PbI2, respectively. The density values are obtained 
from the average in the low light intensity region, where the 
measured nHall is approximately constant, and with error bars 
correspond to standard deviation. Considering an effective den-
sity of states in the conduction band Nc of 1.44 × 1018 cm−3,[37] 
it is possible to determine the position of the Fermi level in the 
bandgap. The electron densities obtained without and with 5% 
extra PbI2 suggest a Fermi level shift by 90 meV, moving from 
430 to 340 meV below the conduction band upon extra PbI2 
addition. The position of the Fermi level deduced from the car-
rier density under stoichiometric conditions is consistent with 
the values measured by Endres et al. using UPS and IPES on 
MAPbI3.[38] A shift of the Fermi level toward the conduction 
band with PbI2 excess has been previously observed experi-
mentally using scanning tunneling spectroscopy and UPS.[27,39] 
Using DFT calculations, Yin et al.[24] and Kim et al.[25] have 
shown that MAPbI3 should be tunable from p-type to n-type by 
changing the growth conditions and, therefore, the chemical 
potential of the components. Under Pb rich/I poor conditions, 
for example, MA interstitials and iodine vacancies exhibit the 
lowest formation energies, leading to n-doping with the for-
mation of donor levels close to the conduction band.[24] Iodine 
vacancies responsible for n-doping have been shown to exhibit 
a low formation energy both for PbI2-rich/MAI-poor and MAI-
rich/PbI2-poor conditions.[40] Regardless of the specific defects, 
the presence of 5% extra PbI2 in the precursor solution impacts 
the chemical potential of constituents during film formation 
and therefore likely the formation energy and density of point 
defects associated with n-type doping. A substantial doping 
effect upon precursor ratio variation is, however, expected to 
be challenging due to the tendency of MAPbI3 to compensate 
charged defects.[40–42]

At high light intensity, we observe a strong increase of nHall 
in Figure 3a, as the standard Hall equation does not take into 

Adv. Energy Mater. 2019, 9, 1902706

Figure 2. Carrier-resolved photo Hall H-σ plot for MAPbI3 processed 
without extra PbI2 (10% MASCN) and with 5% extra PbI2 (5% MASCN). 
A picture of the encapsulated Hall bar is given as inset.

Figure 3. Electron µn and hole µp mobility, Hall density nHall, and photocarrier density Δn as a function of generation rate G for MAPbI3 processed  
a) without extra PbI2 (10% MASCN) and b) with 5% extra PbI2 (5% MASCN).
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account both types of carriers. Indeed, for µn ≈ µp as observed 
with our samples, nHall is expected to diverge toward +∞ with 
increasing generation rate (see Supporting Information). To 
properly follow the carrier density at high light intensity, it is 
important to calculate the excess or photo carrier density Δn 
obtained from Equation (4) for an n-type material. The excess 
carrier density is plotted with respect to the generation rate in 
Figure 3. The determination of the power law describing Δn ∝ Gα 
is limited by the amount of data points collected and the uncer-
tainty in the Δn evolution. Nevertheless, we can identify a pos-
sible gradual transition from a linear to a sublinear evolution 
with Δn as G reaches 1019–1020 cm−3 s−1. Bimolecular recombina-
tion dominating over trap-assisted recombination would lead to 
α = 0.5. Moreover, Levine et al. show that a coefficient α ranging 
from 0 to 1 can be attributed to trap-assisted recombination when 
trap states are progressively filled and n >> p for an n-type mate-
rial.[35] It is unclear which regimes are observed in Figure 3 as 
Δn ≈ n0 and therefore n ≈ p. Nevertheless, if we extract a bimo-
lecular recombination constant k2 from the Δn ∝ G0.5 regime in 
Figure 3a, we obtain a value of (1.1 ± 0.2) × 10−3 cm−3 s−1, about 
seven orders of magnitude higher than the value expected for 
MAPbI3 films.[43] Therefore, it is more likely that the sublinear 
regime of Δn evolution with G is due to trap-assisted recombina-
tion. Assuming that this hypothesis is true, the trap density for 
these thin films would be higher than 4 × 1013 cm−3, which is 
consistent with reported trap densities of 1016 to 1017 cm−3.[44,45]

The excess carrier density and electron and hole mobilities 
can be used to calculate the carrier recombination lifetime 
τ = Δn/G and diffusion lengths for both electrons and holes

L
k T

e
n pD,n/p

B
/µ τ=  (5)

with kB the Boltzmann constant and T the temperature. It 
is also possible to calculate the ambipolar diffusion length, 
L DD,amb ambτ= , which takes into account the collective diffu-
sive behavior of both carriers and where Damb is the ambipolar  
diffusion coefficient given by the following relation[46]

D
k T

e

n p
p n

n p

amb
B

µ µ

= +

+  (6)

The evolution of τ, LD,p, LD,n, and LD,amb with Δn for MAPbI3 
processed for the stoichiometric condition and with 5% extra 
PbI2 appears in Figure 4. It is important to note that lifetime 
and ambipolar diffusion lengths should be calculated using Δn 
rather than nHall. As mentioned previously, nHall is expected to 
diverge when µp ≈ µn, leading to an overestimation of the life-
time by several orders of magnitude (possibly accounting for 
the lifetime of 30 µs extracted by Hall measurements under 
illumination by Chen et al. for MAPbI3 thin films).[30] Consid-
ering Δn, we obtain a lifetime of 4.9 ± 0.6 ns for the stoichio-
metric condition and observe an increase by approximately one 
order of magnitude to 34 ± 5 ns with the addition of 5% extra 
PbI2. These values are obtained from the average in the regime 
where τ is constant with Δn. At high light intensities, τ follows 
a decreasing trend consistent with the sublinear dependency of 
Δn with G. The maximum light intensity of 30 mW cm−2 used 
in this experiment is approximately a third of one sun intensity 
(100 mW cm−2). Therefore, we can expect the carrier recombi-
nation lifetime in a working solar cell to be slightly lower than 
the values reported, with the extent of the decrease depending 
on the Δn ∝ Gα power law in this regime. Nevertheless, our 
results are consistent with the increase in carrier recombination 
lifetime upon addition of extra PbI2 reported in the literature 
and suggest the passivation of deep traps.[17,21–23,47] The diffu-
sion lengths are increased by a factor of three with the addition 
of 5% extra PbI2, with average values for ambipolar diffusion 
lengths of 330 ± 30 nm for the stoichiometric condition and 
920 ± 50 nm with extra PbI2. Moreover, the lifetime and diffu-
sion lengths obtained with and without extra PbI2 agree with 
the values generally extracted from steady state measurements 
(time-resolved microwave conductivity (TRMC) and steady-state 
photocarrier grating (SSPG) combined with photoconductivity) 
and are lower compared to values derived from time-resolved 
photoluminescence (TRPL) characterization.[35] Levine et al. 
have shown that the variability in lifetime and diffusion length 
values is due to the interpretation of the results obtained from 
different characterization techniques. The lifetime extracted 
from TRPL measurements is obtained in transient mode and 
using light intensities orders of magnitude higher than 1 Sun 
in a very localized spot, therefore potentially leading to different 
recombination mechanisms. With light intensities comparable 
to 1 Sun, large area illumination covering the whole sample 

Adv. Energy Mater. 2019, 9, 1902706

Figure 4. Carrier recombination lifetime τ, electron LD,n, hole LD,p, and ambipolar LD,amb diffusion lengths as a function of excess carrier density Δn for 
MAPbI3 processed a) without extra PbI2 (10% MASCN) and b) with 5% extra PbI2 (5% MASCN).
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and measurements under steady-state condition, CRPH pro-
vides relevant diffusion lengths and lifetimes for solar cells 
under working conditions.

To confirm the reproducibility of these results, one addi-
tional sample for each condition, with data extracted from a 
distinct substrate, have been measured (see Figures S4 and 
S5, Supporting Information) and the parameters averaged over 
the two samples per condition are summarized in Table 1. 
The increase in carrier density is consistent with the n-doping 
effect of excess PbI2 previously reported for MAPbI3.[26,27] It 
is important to note that PbI2 is highly resistive (conductivity 
around 10−13–10−10 S cm−1) and typically exhibits a p-type char-
acter.[48,49] Therefore, it is unlikely that the increase in electron 
density observed upon excess PbI2 is due to the presence of the 
secondary phase itself. The improvement of carrier recombina-
tion lifetime by one order of magnitude and diffusion length 
by a factor of three supports the hypothesis of deep trap pas-
sivation. Passivation of grain boundaries by excess PbI2 has 
been reported in the literature and seems to be supported by 
the SEM images showing the formation of PbI2 phase sur-
rounding the grains.[17,21–23] To determine whether the excess 

PbI2 passivates deep traps at the grain boundaries or within 
the bulk, we further carried out photo-Hall measurements on 
MAPbI3 films with variable grain size and processed with and 
without excess PbI2.

2.2. Evolution with Grain Size and MASCN Addition

MAPbI3 thin films of variable grain size have been processed 
by tuning the concentration of MASCN additive as well as the 
annealing temperature.[14] Figure 5 displays the SEM images 
of additional films processed for this study and Table S2 in 
Supporting Information summarizes the MASCN additive 
concentration and annealing temperature for each film. The 
SEM image of an additional film processed without PbI2 is 
given in Figure S6 (Supporting Information). Under stoichio-
metric conditions, MAPbI3 thin films are processed with grain 
sizes ranging from 120 ± 10 nm (Figure 5a) to 600 ± 100 nm 
(Figure 1a). With the addition of 5% extra PbI2 in the pre-
cursor solution, the grain size is tuned from 220 ± 20 nm to 
2.1 ± 0.3 µm (Figure 5c,d). XRD spectra of all films are dis-
played in Figure S7 (Supporting Information). A peak at 12.7° 
corresponding to the PbI2 phase is observed for all samples 
processed with 5% extra PbI2 and the peak intensities of the 
MAPbI3 phase increase with grain size.

CRPH measurements have been carried out for each of the 
films with different MASCN concentrations and annealing tem-
peratures, and therefore different grain sizes. The equilibrium 
electron density n0, electron µn, and hole µp mobilities, carrier 
recombination lifetime τ, electron LD,n, hole LD,p, and ambi-
polar LD,amb diffusion lengths have been extracted. The photo-
Hall measurements and parameter extractions are displayed 

Adv. Energy Mater. 2019, 9, 1902706

Table 1. Table summarizing the parameters extracted from CRPH meas-
urements on MAPbI3 with 0% excess PbI2 (10% MASCN) and MAPbI3 
with 5% excess PbI2 (5% MASCN). The results are averaged over two 
samples per condition and the uncertainty corresponds to the standard 
deviation.

Extra  
PbI2

Type n0  
[cm−3]

µn  
[cm2 V−1 s−1]

µp  
[cm2 V−1 s−1]

τ [ns] LD,amb  
[nm]

0% n (1.3 ± 0.3) × 1011 16 ± 6 11 ± 3 3 ± 2 240 ± 90

5% n (2.7 ± 0.1) × 1012 14 ± 6 8 ± 4 29 ± 5 700 ± 200

Figure 5. SEM images of MAPbI3 thin films processed with a,b) 0% extra PbI2 and c,d) 5% extra PbI2. The MASCN concentration and annealing 
temperature for each film are given in Table S2 (Supporting Information). Note the different magnification and scale bar in image (d).
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in Figures S8–S13 (Supporting Information). All samples are 
n-type and the electron densities n0 extracted are summarized 
in Figure 6a. Samples processed with 5% extra PbI2 consist-
ently exhibit an electron density of about one order of mag-
nitude higher than samples processed for the stoichiometric 
condition (on average), further confirming the doping effect 
of excess PbI2. From the data obtained on this set of samples, 
no trend can be identified in the evolution of electron density 
with grain size and MASCN concentration in the initial solu-
tion (Figure S14, Supporting Information), suggesting that film 
morphology and MASCN additive concentration have negligible  
impacts on the intrinsic carrier density. Similarly, the electron 
and hole mobilities are nominally independent of grain size 
and MASCN concentration (Figure S15, Supporting Informa-
tion). From this observation, we can infer that MASCN addi-
tive has no measurable impact on carrier density and transport 
properties of MAPbI3 thin films. While competing and cancel-
ling effects of MASCN and grain size are not impossible, this 
explanation is unlikely as all optoelectronic parameters remain 
constant with varying MASCN concentration, both for stoi-
chiometric conditions and for 5% extra PbI2. This observation 
is consistent with the hypothesis of essentially complete SCN 
removal during processing, as previously reported.[14,16] There-
fore, the unique role for MASCN in dictating PV device per-
formance likely arises from enhanced film morphology (which 
can influence deposition of and interaction with other layers of 
the device structure), as long as it is properly extracted from the 
final layer using vacuum or annealing treatments. Additionally, 
grain boundaries evidently do not present substantially detri-
mental scattering centers, both for the stoichiometric and 5% 
extra PbI2 films. These results appear to contradict the work of 
Reid et al., who show that decreasing grain size leads to a sharp 
decrease in mobility.[50] However, it is worth noting that this 
sharp decrease takes place for grain sizes below 100 nm, while 
the films in the current study exhibit grain sizes above 120 nm 
(generally the grain size range employed in high-performance 
photovoltaic devices).

The evolution of carrier recombination lifetime with grain 
size (Figure 6b) represents key information in the under-
standing of the PbI2 passivation effect. If the PbI2 phase 
observed in SEM images effectively passivates deep traps 
situated at the grain boundaries, we would expect the carrier 

recombination lifetime to be grain size (grain boundary den-
sity) dependent for the stoichiometric MAPbI3 films. However, 
CRPH measurements carried out on samples with four dif-
ferent grain sizes reveal that photocarrier lifetime remains con-
stant with, for example, a value of 2.3 ± 0.1 ns for the smaller 
grain size of 120 ± 10 nm. This observation agrees with the 
similar lifetime measured at the grain boundary and at the 
interior of the grain by Yang et al. using high-resolution con-
focal fluorescence-lifetime imaging microscopy.[10] Therefore, 
our results suggest that grain boundaries are relatively benign 
in MAPbI3 films (i.e., for the synthesis conditions employed 
and for the range of grain boundary densities considered), as 
neither the carrier mobilities nor their recombination is influ-
enced by the grain size. The question of recombination induced 
at the grain boundaries is widely studied for MAPbI3 films 
leading to contradictory results.[9–12] The absence of consensus 
may arise from the difficulty to reproduce the processing condi-
tions in different laboratories, as the electronic properties of the 
grain boundaries could depend on their crystal orientation or 
on the grain termination chemistry.[32,51] It is also possible that 
the ability to process compact films with limited trenches sepa-
rating the grains provides the major factor in achieving benign 
grain boundaries.[8]

Given the benign nature of the grain boundaries, the impact 
of excess PbI2 on recombination must arise either within the 
grain interiors or at the film surface. However, it is unlikely 
that extra PbI2 passivates only surface defects, as the PbI2 
phase mainly resides at the grain boundaries rather than over 
the entire film surface, according to SEM images. The impact 
of excess PbI2 on defects (and recombination) therefore most 
probably relates to bulk film properties. In this regard, the 
increase of carrier recombination lifetime with PbI2 addition 
can be due to the filling of deep trap states associated with the 
shift of the Fermi level toward the conduction band. Interest-
ingly, Agiorgousis et al. have used DFT calculation to show that 
iodine vacancies can create acceptor levels 380 meV below the 
conduction band edge through the formation of Pb dimers.[31] 
The evolution of electron densities n0 extracted in our work sug-
gests a shift of the Fermi level from 430 to 340 meV below the 
conduction band. Therefore, the n-doping effect of excess PbI2 
may lead to the filling of acceptor states resulting from iodine 
vacancies or other low-formation-energy defects. The decrease 

Adv. Energy Mater. 2019, 9, 1902706

Figure 6. a) Equilibrium (dark) electron density n0 and b) carrier recombination lifetime τ obtained from carrier-resolved photo-Hall measurements 
on MAPbI3 thin films of different grain size without and with extra PbI2.
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in carrier recombination lifetime could also be explained by less 
favorable deep defect formation under the growth conditions 
(chemical potentials) defined by the excess PbI2. According to 
Yin et al., IMA and IPb are deep point defects, for which forma-
tion energy increases from moderate to Pb rich/I poor condi-
tion.[24] Nevertheless, with calculated formation energies of 
3.01 and 3.45 eV for IMA and IPb, respectively, under moderate 
growth conditions, it is unclear if such defects could effectively 
arise in MAPbI3 processed under stoichiometric conditions.

3. Conclusion

In this work, we use a newly developed carrier-resolved photo-
Hall characterization technique to elucidate the impact of additive 
engineering on n-type MAPbI3 film properties. This technique 
gives access to both majority and minority carrier properties 
using one single device and as a function of light intensity or 
photo carrier injection level. We demonstrate that 5% excess PbI2 
in the precursor solution leads to an improvement of the charge 
carrier recombination lifetime by an order of magnitude and an 
increase of the ambipolar diffusion length by a factor of three. 
Despite the general difficulty of doping lead halide perovskites,[52] 
we also observe an increase of the electron density by approxi-
mately one order of magnitude with 5% excess PbI2, high-
lighting the ability to tune the Fermi level position of MAPbI3 by 
changing the growth conditions (consistent with some previous 
DFT calculations).[24] A careful study on samples with varying 
grain sizes further addresses several open questions in the field. 
First, the relatively constant mobilities and carrier recombination 
lifetimes with grain size indicate that MAPbI3 grain boundaries 
are nominally electronically benign, at least under the synthesis 
conditions tested. These results further suggest that excess PbI2 
more likely passivates defects within the grain interiors (by modi-
fying the growth environment of the grains during formation) 
rather than at the grain boundaries. The MASCN additive used to 
tune the grain size is also shown to have no measurable impact 
on the optoelectronic properties of the MAPbI3 films. This infor-
mation strengthens the hypothesis of SCN removal during pro-
cessing, as previously suggested in the literature.[14] Despite the 
determined relative insensitivity of carrier transport properties to 
grain boundary density, given facile diffusion of ions along grain 
boundaries, this parameter is still expected to be important for 
controlling hysteresis and device environmental/operational sta-
bility.[53–56] The ability to obtain high quality films with large com-
pact grains and without pinholes is therefore expected to remain 
an important target to achieving and maintaining good device 
performance levels. Finally, these results show the high value 
of the CRPH approach for more generally addressing questions 
related to the effectiveness of and mechanisms behind additive 
engineering within perovskite semiconductors.

4. Experimental Section

Device Fabrication: Hall bars were fabricated by solution processing. 
Methylammonium iodide (MAI, Dyesol) and lead iodide (PbI2, 99.99%, 
TCI chemicals) were dissolved in N,N-dimethylformamide (DMF, 99.8%, 
anhydrous, Sigma-Aldrich) and dimethyl sulfoxide (DMSO, 99.9%, 

anhydrous, Sigma-Aldrich) with a 9:1 volume ratio at a concentration of 
1.25 mol L−1. For the samples with extra PbI2, the molar concentration 
of PbI2 was increased by 5%. When methylammonium thiocyanate 
(MASCN, Dyesol) additive was used, the powder was directly introduced 
with the precursors. The concentration given in the main text was in 
mol% relative to MAPbI3. The solution was stirred at room temperature 
for 4 h and filtered using PTFE 0.2 µm filters prior to deposition. Glass 
substrates were sonicated in deionized water, acetone, and isopropanol 
for 10 min each. Spin-coating was used to deposit the MAPbI3 
solution (5000 rpm for 30 s) using chlorobenzene as antisolvent. 
The antisolvent dripping step played a major role in the quality of the 
thin film and has been optimized (250 µL dripped after 5 s) and kept 
constant for all devices. The films were annealed at 60 °C for 20 min. 
An annealing temperature of 90 °C was used for the devices without 
MASCN to get rid of the DMSO-related phase. The thicknesses of the 
layers range from 345 to 400 nm and were measured for each condition 
using a Bruker Dektak 150 contact profilometer. The Hall bar had six 
terminals with active area dimension of width × length = 2 × 4 mm  
as shown in the inset of Figure 2. The Hall bars were patterned using 
a mask and a scalpel to remove the surrounding perovskite layer. C60 
(30 nm) BCP/(5 nm) Ag (100 nm) electrodes were deposited through 
a shadow mask by thermal evaporation using an Angstrom EvoVac 
evaporator operating at a base pressure below 2 × 10−6 Torr. The Hall 
bar was encapsulated with glass using an epoxy glue on the perimeter. 
The entire fabrication was done in a nitrogen-filled glovebox with oxygen 
and water levels below 0.1 ppm.

Thin Film Characterization: X-ray diffraction (XRD) spectra were 
measured using a Panalytical Empyrean powder diffractometer with Cu Kα 
X-ray source and 45 kV/40 mA operating conditions. Top-view scanning 
electron microscope (SEM) images were obtained using an Apreo S by  
ThermoFisher Scientific operated at 2 kV and 25 pA. The average and 
standard deviation of grain size was determined using the line intercept 
method in Image J. The grain size was averaged over 20 lines of 3 to 8 µm 
and using two samples for each condition. UV–vis absorption spectroscopy 
was carried out with a Shimadzu UV-3600 spectrophotometer. The 
reflectivity of the Hall bar sample was obtained using an Enlitech QE-R 
Quantum Efficiency/Reflectivity system with integrating sphere.

Carrier-Resolved Photo-Hall Measurement: A parallel dipole line (PDL) 
system was used to generate a unidirectional and pure single harmonic 
ac magnetic field. The master magnet was rotated using a stepper 
motor typically operated at 0.5 to 1 rpm. A Hall sensor was placed 
under the master magnet to monitor the oscillating field. The sample 
was mounted at the center of the PDL system where a magnetic field 
amplitude of 0.57 T was reached. A detailed description of the PDL Hall 
system can be found elsewhere.[29] Light illumination using 638 nm 
(red) laser was used as light source. The light intensity was modulated 
over eight orders of magnitude using continuous neutral density filters. 
A wedge lens was used to deflect the light beam onto the sample. A 
beam splitter was used to simultaneously illuminate the sample and 
a silicon photodetector, to monitor the photocurrent at various light 
intensities and to determine the incident absorbed photon density (Gγ) 
on the sample. A Keithley 2400 Source Meter Unit (SMU) was used as 
the current source and a Keithley 2001 Digital Multi Meter (DMM) was 
employed for voltage measurement. A Keithley 7065 Hall switch matrix 
card with high impedance buffer amplifiers was used for routing the 
signals between the samples, the SMU and DMM. The current of the 
silicon photodetector was monitored using a Keithley 617 electrometer. 
The longitudinal and transverse (Hall) resistance from the Hall bars was 
measured under repeated light intensity from the maximum brightness 
to the dark. The analysis of the Hall signal over time was performed 
using custom-developed software created in Matlab.[57] A Fourier 
spectral analysis was performed on the Hall resistance after polynomial 
background subtraction to identify the Hall signal of the same frequency 
with the reference oscillating magnetic field. Finally software lock-in 
detection was performed to extract the final Hall signal from the raw 
Hall resistance traces, using a typical lock-in time constant of 120 s. 
Additional information on the photo-Hall setup and data analysis can be 
found elsewhere.[28,29]

Adv. Energy Mater. 2019, 9, 1902706
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