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: The charge carrier lifetime is an important parameter in solar cells as it defines, together with the

mobility, the diffusion length of the charge carriers, thus directly determining the optimal active
layer thickness of a device. Herein, we report on charge carrier lifetime values in bromine doped
planar methylammonium lead iodide (MAPbI;) solar cells determined by transient photovoltage.
The corresponding charge carrier density has been derived from charge carrier extraction. We found
increased lifetime values in solar cells incorporating bromine compared to pure MAPbI, by a factor
of ~2.75 at an illumination intensity corresponding to 1 sun. In the bromine containing solar cells we
additionally observe an anomalously high value of extracted charge, which we deduce to originate from
mobile ions.

Organometallic halide perovskite solar cells exhibit exceptionally good power conversion efficiency (PCE) values
exceeding already 20% in the lab’. Being crystalline by nature, perovskite absorbers have the advantage of supe-
rior charge carrier transport properties leading to high charge carrier mobility as well as impressive diffusion
lengths*=. Nevertheless, its complex crystal structure and the composition of the crystal unit cell may result in
lattice distortion and grain boundaries, which ultimately lead to scattering and trapping. The charge carrier life-
time is one of the most important key parameters in a solar cell. In combination with the charge carrier mobility,
it defines the diffusion length and therefore the probability of a photogenerated charge carrier to reach the respec-
tive electrode. In general, defects in the crystal structure are expected to decrease the lifetime of photogenerated
charge carriers in the absorber, as additional recombination pathways speed up the loss of excess carriers. Recent
publications indicate that such defects are mostly located at the grain boundaries®’ or at the surface of the per-
ovskite crystal®, therefore morphology engineering by film processing and chemical composition can influence
the charge carrier recombination in the absorber, helping to achieve high performance perovskite solar cells*-!!.
Most of the recombination studies presented so far have been focusing on perovskite films or crystals using
photoluminescence (PL)”!213, Terahertz (THz) spectroscopy'* or microwave photoconductivity (TRMC)!-1,
but only a few have studied charge carrier lifetimes incomplete solar cell devices!”!%. It is important to note that
not all experimental techniques probe the same lifetime related processes. In time-resolved PL measurements on
films the radiative recombination of photogenerated charge carriers is often probed at high excitation densities,
the TRMC is sensitive to fast charge carriers driven by high frequency electric fields and also laser pulse based
technique, whereas in the transient photovoltage (TPV) method, the relevant bulk lifetime of photogenerated
carriers defining the photovoltage of the solar cell is directly monitored.

Here, we report on charge carrier recombination kinetics in planar organometallic halide perovskite solar cells
with varying degree of bromine content. Charge carrier kinetics are probed by combining TPV, identifying the
charge carrier lifetime, and charge carrier extraction (CE), determining the charge carrier density in the device
under identical and solar relevant conditions. The experimental techniques of TPV and CE have been imple-
mented earlier to determine charge carrier recombination kinetics in thin film solar cells such as dye sensitized
solar cells®, organic solar cells?®2* and just recently in mesoporous perovskite solar cells'®. We herein focus our
study on the impact of bromine content on charge carrier lifetimes and densities in planar halide perovskite solar
cells. We reveal a direct correlation between the amount of bromine content and the charge carrier lifetime. The
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Figure 1. SEM images (a-c) and photovoltaic performance (d) of different perovskite layers. (a) Shows
MAPDbI;, (b) represents MAPDb(I,,,Br, ,9); made via a MABr precursor. In (c) the bromine content was increased
using PbBr, instead of MABT.

CE experiments provided an anomalously large signal at longer timescales in the solar cell with the most bromine
content, leading to a recombination current J,,, which is larger than the short circuit current J,. at 1 sun. We ten-
tatively assign this to a possible contribution from mobile ions.

Results and Discussion
To study the impact of different bromine-to-iodine ratios, we varied the precursors in the well-established inter-
diffusion approach. Starting from Pbl, and methylammonium iodine (MAI), bromine was introduced in the
perovskite lattice by replacing the salts with MABr or PbBr, (MAPb(I,_,Br,);). More details on the sample con-
figuration and preparation can be found in the experimental section. The effect of different precursor solutions
on film topography and surface crystallinity was first analyzed by means of scanning electron microscope (SEM).
Figure la-c) shows the surfaces of MAPDI; (a), MAPb(I,_,Br,); (MABr) (b) and MAPb(I,_,Br,); (PbBr,) (¢).
The images reveal smooth perovskite layers consisting of individual crystals with diameters between sub pim and
500 pm, rendering an almost pinhole-free film. From x-ray diffraction (XRD) measurements (Supplementary
Information, Fig. S1) we clarified the impact of different precursor solutions on the bromine content. In com-
parison to pure MAPbI; the lattice distance is decreased by using MABr and PbBr,. Thereby, the approach with
PbBr,-precursor contains the highest bromine-to-iodine ratio?. According to Noh ef al. and Gil-Escrig et al. the
bromine content in the mixed halide perovskites was identified by determining the band gap of the layers via
optical absorption measurements (Supplementary Information, Fig. $2)*%”. In case of MAPb(I,_,Br,); (MABr)
x was calculated to be 0.29, whereas for MAPb(I,_,Br,); (PbBr,) x was determined to be 0.54. Therefore these
layers will be abbreviated as MAPb(I;,Br, 59); and MAPb(I, 4Br, s5,);. The photovoltaic performance of every
composition was analyzed by measuring the J-V characteristics. The perovskite layer was sandwiched between
planar transport materials, namely PEDOT:PSS acting as a hole selective layer and a combination of PC4BM,
Cyqo and BCP operating as electron selective layer sequence and Au as top electrode. Fig. 1d) displays the J-V
curves for the best performing devices measured with a scan speed of 463 mV/s under AM1.5 G illumination.
All solar cells display a very small hysteresis, hence, the PCE of forward and backward scans are comparable and
show a decent performance with a PCE between 8-13% for all studied devices.The impact of bromine doping is
evident in an increased V,, from 0.882V to 1.113 V which can mainly be assigned to the increased band gap of
the bromine containing cells®. As J,. decreased simultaneously from 18.3 mA/cm? (MAPbL;) to 12.1 mA/cm?
(MAPD(I 46Br,54)5) (parameters from the reverse scan) the overall PCE shows a slight decrease. Note that further
optimization of the corresponding perovskite layer thickness may lead to an increase in J,.. Here, we deliberately
used the same parameters for the cell preparation.

To study the charge carrier recombination dynamics, the techniques of TPV and CE are applied according to
the methodology previously outlined??. Normalized TPV transients for the three devices are plotted in Fig. 2a),
measured under illumination conditions equivalent to 1 sun. To determine the small perturbation decay lifetime,
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Figure 2. (a) TPV decays at a background illumination intensity of 1 sun for the three different devices
measured at 300 K. The single exponential fits are shown as dashed lines. Inset: dark current of the
corresponding solar cells shown in a log-lin. plot. The transitions from the shunt-limited region to the diode-
like exponential behavior are marked with dashed lines. (b) Calculated TPV lifetimes as function of the
illumination intensity.

the signal was fitted with a single exponential function. However, there is now an ongoing discussion whether
a single>®? or double!®*%-3 exponential fit should be used in perovskite solar cells. We note, that almost all
groups using the double exponential function have been investigating mesoporous device layouts, which had
titanium dioxide (TiO,) in common. This could be an indication that the origin of a decay with two charac-
teristic lifetimes should be assigned to presence of a TiO, scaffold and not necessarily to the perovskite itself.
Indeed, Lee and coworkers attributed the fast component to recombination in the active layer and the slow
component to a recombination pathway in TiO,?. It is also conceivable that the charge transport in the TiO,
layer is responsible for the slow characteristic time®, since it is demonstrated that transport occurs faster in per-
ovskite compared to TiO,*. In our measurements on planar perovskite solar cells without TiO, scaffold, we did
not observe two time components over two orders of magnitude in voltage and the data could always be fitted
with a single exponential function accordingly (red dashed lines in Fig. 2a)). In case of MAPDIS, the lifetime
under 1 sun illumination background intensity can be calculated to 0.39 us, for MAPb(I, ;,Br 59)s it is 0.56 us
and for MAPb(I 44Brs,)5 it is 1.07 ps. The inset of Fig. 2a) shows the dark current for the three devices in a
semi-logarithmic plot. Clearly, the MAPbI; device obeys the highest shunt resistance of all investigated solar
cells with transition from the shunt to the exponential regime around 500 mV. It is important to note that TPV
experiments should be conducted in the exponential diode regime of a solar cell to correctly study the bulk
material properties of the active layer, instead of recombination losses via parasitic shunt pathways?®. Here, we
conducted measurements in the range of 0.0056 up to 2 suns accordingly by changing the current of the LED
and using different neutral density filters. This light intensity span resulted in corresponding V, values rang-
ing from 692mV to 856 mV for the MAPDI; device, clearly being in the exponential diode regime. In contrast,
for MAPD(I, 46Br,54); we also obtained open circuit voltages already affected by the shunt regime (<800 mV)
in the lower illumination intensity range and hence excluded them from evaluation. Figure 2b) displays the
calculated charge carrier lifetime values 7 in dependence on the applied illumination intensity. As expected,
the increase in charge carrier density n leads to a decrease in 7. This is valid for all three investigated types of
solar cells. For MAPDI;, 7 is found to be in the range of 0.2-43.2 pis. Studying MAPbI; solar cells, Xiao et al.
reported the lifetime of 1.7 us under 0.3 sun illumination®, which is very close to values obtained in this work
for MAPDI; under the same conditions. By bromine doping of the perovskite absorber, the charge carrier lifetime
increases in the studied illumination intensity range: 0.36-72.5 us for MAPb(I,;,Br 50); and 0.53-35.02 us for the
MAPD(I, 4Br, 5,); device.

To assess the possible impact of domain size on 7, additional measurements were performed using ammonium
chloride (NH,CI) and 1,8-diiodooctane (DIO) as additives in the Pbl,-solution®3 to slow down the chemical
reaction with MAI and increase the domain size. In this case only the domain size of MAPbI; is increased with-
out changing the lattice structure. A top view SEM image of the resulting layer is provided in the Supplementary
Information (Fig. S3), showing the enhanced size of the crystal domains. The results of TPV measurements on
these devices are summarized in Fig. S4 in the Supplementary Information, showing an increase in 7 with crystal
domain size with a factor of ~1.18 at 1 sun. As depicted in Fig. 1a—c), the bromine-to-iodine ratio leads to a small
increase in crystal domain size. By adding bromine to the perovskite lattice using PbBr,, the lifetime at 1 sun is
increased by a factor of ~2.75, which is significantly higher than the impact solely of crystal domain size. Two pos-
sible explanations for the increased charge carrier lifetime may come into mind. Due to the bromine doping of the
MAPDI; the number of deep trap states which act as recombination centers decreases with increasing Bromine
content. In this case the effective charge carrier lifetime which is the sum of all present recombination mecha-
nisms is increased due to a decrease in Shockley-Read-Hall (SRH) recombination. Second, which is more likely
the case, due to an incorporation of Bromine into the MAPDI, lattice more defects are created which are shallow
in nature acting as dopants for the MAPbI; lattice. In contrast to deep trap states in the middle of the band gap,
shallow traps close to conduction or valence band of the semiconductor partly trap charge carriers which has to
be then released back into the band before they can recombine. In this case, the effective charge carrier lifetime
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Figure 3. (a) CE signal (left axis) and the integral (right axis) for the three investigated devices after illuminated
with 1 sun. (b) TPV lifetime plotted versus the charge carrier density determined with CE. (c) CE signal of
MAPb(I, 46Bry 54); for different illumination intensities. (d) CE signal in the dark realized by applying negative
voltages before switching to short circuit conditions.

would be increased as the event of trapping-and-release will slow down the actual recombination process leading
to a reduced second order recombination. However, we note that from the given set of experiments we cannot
identify the real origin of the increased charge carrier lifetime. Very recently, Yang et al. have demonstrated that
by MABr treatment of a MAPDI; film with bad quality leads to an improvement of the crystallinity and the overall
PCE®. The MABr-treated solar cells obeyed improved charge collection and surface passivation properties possi-
bly related to reduced defect states. This strongly supports our experimental observations.

Performing CE experiments at the same conditions as TPV allows us to determine the corresponding charge
carrier density n at each background illumination intensity, and subsequently correlate it with the charge carrier
lifetimes 7. This is possible, as the measurements were conducted at the same illumination intensities and the
charge carrier density is directly correlated to V,.!”. Figure 3a) summarizes the CE current signals (solid lines)
and their respective integrals (dashed lines) for the studied solar cells. The devices were illuminated with 1 sun
for a certain time (< 1s) to reach steady state conditions before extracting the photogenerated charge carriers.
The obtained charge carrier lifetimes from TPV plotted versus the carrier density from CE is shown for the three
perovskites in Fig. 3b). The lifetime decreases with increasing n as expected for second order recombination
and often reported in literature at high illumination intensities**. Under 1 sun illumination, the charge carrier
density was calculated to be 9.4 - 10> m~2 in case of MAPbL;, 2.4 - 102 m > for MAPb(I,;,Bry5); and 5.9 - 102 m 3
for MAPb(I, 4¢Bry 54)3. Recently, O'Regan et al. reported on unusual charge carrier density obtained using the CE
technique in mesoporous MAPDI; solar cells'®. The authors identified a large extraction current at time scales
of several seconds, which would correspond to a very high amount of charges stored in the device, attributing
it to a possible contribution by mobile ions. Here, we did not observe such a behavior, neither for our planar
MAPDI; or MAPb(I,,,Bry )3 device configuration. The charge extraction for these devices is completed already
after 107> s to 10* s and further integration does not lead to any increase in the amount of extracted charges.
However, MAPb(J, 4¢Br, s5,); does display a much longer signal and the corresponding slope of the integral value
gets approximately constant over several orders of magnitude in time (see Fig. 3a)). Moreover, with increasing
bromine content, the charge extraction velocity is decreased, as the peak height is reduced and the extraction is
slowed down. Following O’Regan et al., we subsequently calculated the recombination current J,,, taking into
account the extracted charge Q(V,,), the corresponding lifetime t(V,.) from TPV and the slope s from the t(V,,)
versus n(V,.) plot (Fig. 3b))!8. At V,, the charge generation rate equals the recombination rate. As no external
current is flowing out of the device at V,,, the recombination current J,,. must be equal to the photocurrent ,
which is best approximated by the short circuit current J.. For the MAPbI; device, all data points can be fitted
by a constant slope s of 3.1. In contrast, for the mixed halide perovskites, s itself is strongly charge carrier density
dependent. Thus, for both bromine containing perovskites we instead focus exclusively on the higher illumina-
tion intensities to be able to make conclusions at least at around real operating conditions. Here, slopes over 5
for MAPb(I,,,Brg4); and MAPb(I, 4Br 54); are obtained. Calculating J .. from the present data finally leads us
to following conclusions: for MAPbI, ], is comparable to J,. as expected under open circuit conditions'®. In case
of MAPb(I,,,Br ,9); and of MAPb(I, 44Br 54); the determined J,,. is 50% higher than ], for 1 sun, which seems
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to be rather unphysical. Under 1 sun illumination intensity 33 nC are extracted after 1 ms for MAPb (I 4Brg54)3
(not corrected by the capacitance of the cell), which corresponds to the capacitance of cell) which corresponds to
an anomalously large charge carrier density of around 2 - 10 m~>. This is already around 7 times as large as that
of the MAPDI; device. To further analyze this unexpected behavior we take a closer look at the actual CE signal.
Fig. 3¢) summarizes the CE signals for MAPb(I,, 44Br, s4); for several illumination intensities from 0.0056-2 suns.
We note that the extraction peak is located at the same position for all intensities. After a first fast initial decay
(3-1077s-2-107%s) however, a second slower extraction starts to become apparent. We calculated the time
needed for the charge extraction to be finished in order to satisfy the requirement J, A J,,. This time is marked in
Fig. 3¢) by the black dashed line. Interestingly, it hits exactly the time range where the slow component starts to be
visible. Furthermore, taking Fig. 3a) into account, it becomes obvious that it also fits to the time range when the
extraction is completed for the MAPbI; device. The long timescale of the second extraction part therefore indi-
cates a contribution distinct from electrons and holes. To examine its origin, we performed CE measurements in
the dark by applying a reverse bias in the range from —0.35V up to —0.05V and extracted the charge by switching
to J,.. At these voltages a negligible current is flowing through the device. The obtained CE signal shown in Fig. 3d)
results from the charges stored on the electrode due to applied reverse bias. After a first initial peak, a slow com-
ponent again starts to be dominant in the signal at ~2 ys. The fact that this occurs at the same time as in the CE
signals under illumination indicates that it has the same origin. We also revealed that the tail of the CE signal is
visible in the complete range of illumination intensities and the dark and is therefore not caused by the photogen-
erated charge carriers themselves. From these studies, we conclude that photogenerated electrons and holes are
responsible for the CE signal before 2 jis, whereas another process causes the tail of the CE signal at longer time
scales. Here, we want to exclude the effect of dipole reorientation leading to this tail. Chen et al. demonstrated that
the characteristic relaxation times for the rotation of the organic cation are in the order of picoseconds, which is
contrary to the observed timescales in CE (>10"7s)*. However, a more likely explanation for this behavior can be
the migration of mobile ions. It has been shown by Eames et al. that iodide ion vacancies may lead to ionic trans-
port in the perovskite resulting in phenomena like the often observed current-voltage hysteresis*'. Including it to
the CE signal, which originated from photogenerated electron and holes only may lead to an overestimation of the
extracted charge carrier density as observed by O’Regan and coworkers'®. We point out that we also do not exclude
a slow time component in the MAPbI; device, but its impact is much less compared to the bromine devices.

Conclusion

To conclude, we performed TPV and CE measurements on planar organometallic halide perovskite solar cells
with varying bromine doping by using different precursor materials during the interdiffusion approach. We
observed an increased charge carrier lifetime from 0.39 s for the MAPDI,; device to 1.07 pus for MAPb(I, 46Bry54)5
at an illumination intensity of 1 sun. We give two possible explanations for the lifetime increase. First, the
decrease of number of deep trap states leading to less SRH recombination centers. Second, which is more likely,
bromine act as dopants introducing shallow defects to the MAPDbI; lattice which may lead to a reduced second
order recombination and hence increased carrier lifetime due to carrier trapping-and-release events. From CE
measurements we observed a discrepancy between the recombination current J,,. and J,. of the solar cell with the
largest bromine content. Whereas the pure MAPbI,; solar cell displays a CE signal which is saturated after 0.1 ms,
leading to a ], being comparable to J, the device with largest bromine content shows an anomalous behavior.
The extracted charge is still increasing after 1 ms leading to an anomalously large value for the extracted charge
carrier density, which disagrees with the expected value according to J,.. We revealed this continuously growing
CE signal being also visible in the dark at reverse bias. In this case the solar device is acting as a capacitor and only
charge carriers stored on the electrodes are detected. We assign this to ion migration due to the externally applied
electric field contributing to the extracted charge signal, which cannot be observed in the pure MAPbI; device.

Methods
Solar cells are fabricated on indium tin oxide (ITO) covered glass substrates. Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) was spin coated to form a hole transport layer (HTL) with a thickness of
around 35 nm. Perovskite films were synthesized with the well-known two-step interdiffusion process*2. In case of
MAPDIL;, we used Pbl, (400 mg/ml) dissolved in N,N-Dimethylformamide (DMF) and CH;NH;I (MAI) (40 mg/ml)
dissolved in 2-Propanol (2-Prop.). After spin-coating the lead-salt solution, the substrate was annealed for
15 minutes at 70 °C. Afterwards, MAI was spin-coated and heated at 100 °C for 90 minutes to form the active
layer. To introduce bromine into the perovskite crystal, MABr and PbBr, were used. Kulkarni et al. already
have demonstrated the possibility of band-gap tuning with different precursor solutions*’. In order to vary the
bromine-to-iodine ratio in the film, two different batches of solar cells were synthesized: First, a 1:1 mixture
(molar ratio) of MAI/MABr (20 mg/ml in 2-Prop.) was applied instead of pure MAI on top of the dried Pbl, layer.
Such devices are referenced as MAPb(I, ;,Br 50); (the bromine-to-iodine ratio was determined by optical absorp-
tion measurements, Supplementary Information Fig. S2). For the purpose of increasing the bromine content,
we used PbBr, (400 mg/ml in Dymethylsulfoxide, DMSO) instead of Pbl,. Then, the second step was carried out
analogously as for MAPDI;. Solar cells made with this approach are abbreviated as MAPb(, 4By 5,)3. After form-
ing the perovskite layer, PC4,BM was spin casted from 1,2-Dichlorbenzene (DCB) solution (20 mg/ml) followed
by 60 minutes annealing at 100 °C. In the last step, the substrates were transferred into an evaporation chamber in
order to apply Cg, Bathocuproin (BCP) and gold (Au) layers.

Current-voltage characterization was performed under inert atmosphere using a Keithley 237 source measure
unit (SMU) and a AM1.5 G solar simulator (LOT-Oriel) which is calibrated to 100 mW/cm? (1 sun).

Transient photovoltage (TPV) measurements were realized in a closed helium contact gas cryostat without
exposure to ambient air using a 10 W white light LED for bias light illumination. The solar cells were kept under
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open circuit conditions using a 1.5 GQ) impedance. A pulsed Nd:YAG laser (A =532 nm excitation pulse, 80 ps) is
providing a small optical perturbation generating additional charge carriers in the device. The voltage transient
was then recorded by a digital storage oscilloscope (Agilent Infinium DSO90254A).

Charge carrier extraction (CE) measurements were performed in the same cryostat directly after TPV. The
premeasured open circuit voltage is applied to the solar cell using a double pulse generator (Agilent 81150 A)
under constant LED illumination. Triggered by the double pulse generator, the LED was switched off by short-
ening the constant current source (Keithley 2602) with a high power transistor. The resulting current transient
was monitored via the digital storage oscilloscope mentioned above. The integrated charge was then corrected by
the capacitance effect. To calculate the charge carrier density, a Veeco Dektak 150 Profilometer has been used for
determining the active layer thickness. In order to vary the background illumination intensity over three order of
magnitudes (0.0056 suns —2 suns) the LED current was controlled in combination with different neutral density
filters. 1 sun equivalent is defined by the LED current matching the same short circuit current density Jsc of a
solar cell as measured previously with the sun simulator.

References
1. Yang, W. S. et al. High-performance photovoltaic perovskite layers fabricated through intramolecular exchange. Science 348,
1234-1237 (2015).
2. Hutter, E. M., Eperon, G. E., Stranks, S. D. & Savenije, T. J. Charge carriers in planar and meso-structured organic-inorganic
perovskites: Mobilities, lifetimes, and concentrations of trap states. J. Phys. Chem. Lett. 6, 3082-3090 (2015).

. Motta, C., El-Mellouhi, E & Sanvito, S. Charge carrier mobility in hybrid halide perovskites. Sci. Rep. 5, 12746 (2015).

4. Stranks, S. D. et al. Electron-hole diffusion lengths exceeding 1 micrometer in an organometal trihalide perovskite absorber. Science
342, 341-344 (2013).

5. Dong, Q. et al. Electron-hole diffusion lengths >175 yum in solution-grown CH;NH,Pbl; single crystals. Science 347, 967-970
(2015).

6. Long, R, Liu, J. & Prezhdo, O. V. Unravelling the effects of grain boundary and chemical doping on electron-hole recombination in
CH;NH;PbI; perovskite by time-domain atomistic simulation. J. Am. Chem. Soc. 138, 3884-3890 (2016).

7. de Quilettes, D. W. et al. Impact of microstructure on local carrier lifetime in perovskite solar cells. Science 348, 683-686 (2015).

8. Stewart, R. ], Grieco, C., Larsen, A. V., Maier, J. . & Asbury, J. B. Approaching bulk carrier dynamics in organo-halide perovskite
nanocrystalline films by surface passivation. J. Phys. Chem. Lett. 7, 1148-1153 (2016).

9. Zheng, L. et al. Morphology control of the perovskite films for efficient solar cells. Dalton Trans. 44, 10582-10593 (2015).

10. Im, J.-H., Kim, H.-S. & Park, N.-G. Morphology-photovoltaic property correlation in perovskite solar cells: One-step versus two-
step deposition of CH;NH,PbI,;. APL Mater. 2, 081510 (2014).

11. Kim, H. D., Ohkita, H., Benten, H. & Ito, S. Photovoltaic performance of perovskite solar cells with different grain sizes. Adv. Mater.
28, 917-922 (2016).

12. Saba, M. et al. Correlated electron-hole plasma in organometal perovskites. Nat. Commun. 5, 5049 (2014).

13. Yamada, Y., Nakamura, T., Endo, M., Wakamiya, A. & Kanemitsu, Y. Photocarrier recombination dynamics in perovskite
CH;NH;PblI; for solar cell applications. . Am. Chem. Soc. 136, 11610-11613 (2014).

14. Johnston, M. B. & Herz, L. M. Hybrid perovskites for photovoltaics: Charge-carrier recombination, diffusion, and radiative
efficiencies. Acc. Chem. Res. 49, 146-154 (2016).

15. Bi, Y. et al. Charge carrier lifetimes exceeding 15 s in methylammonium lead iodide single crystals. J. Phys. Chem. Lett. 7, 923-928
(2016).

16. Wehrenfennig, C., Eperon, G. E., Johnston, M. B., Snaith, H. J. & Herz, L. M. High charge carrier mobilities and lifetimes in
organolead trihalide perovskites. Adv. Mater. 26, 15841589 (2014).

17. Baumann, A. et al. Persistent photovoltage in methylammonium lead iodide perovskite solar cells. APL Mater. 2, 081501 (2014).

18. O’Regan, B. C. et al. Optoelectronic studies of methylammonium lead iodide perovskite solar cells with mesoporous TiO,:
separation of electronic and chemical charge storage, understanding two recombination lifetimes, and the evolution of band offsets
during J-V hysteresis. J. Am. Chem. Soc. 137, 5087-5099 (2015).

19. O’'Regan, B. C. & Lenzmann, E. Charge transport and recombination in a nanoscale interpenetrating network of n-type and p-type
semiconductors: transient photocurrent and photovoltage studies of TiO2/Dye/CuSCN photovoltaic cells. J. Phys. Chem. B 108,
4342-4350 (2004).

20. Shuttle, C. G. et al. Experimental determination of the rate law for charge carrier decay in a polythiophene: Fullerene solar cell. Appl.
Phys. Lett. 92, 093311 (2008).

21. Shuttle, C. G. et al. Charge extraction analysis of charge carrier densities in a polythiophene/fullerene solar cell: Analysis of the
origin of the device dark current. Appl. Phys. Lett. 93, 183501 (2008).

22. Fortig, A. et al. Nongeminate and geminate recombination in PTB7:PCBM solar cells. Adv. Funct. Mater. 24, 1306-1311 (2014).

23. Fortig, A., Rauh, ], Dyakonov, V. & Deibel, C. Shockley equation parameters of PSHT:PCBM solar cells determined by transient
techniques. Phys. Rev. B 86, 115302 (2012).

24. Credgington, D., Jamieson, E. C., Walker, B., Nguyen, T.-Q. & Durrant, J. R. Quantification of geminate and non-geminate
recombination losses within a solution-processed small-molecule bulk heterojunction solar cell. Adv. Mater. 24, 2135-2141 (2012).

25. Pellet, N., Teuscher, J., Maier, J. & Gritzel, M. Transforming hybrid organic inorganic perovskites by rapid halide exchange. Chem.
Mat. 27,2181-2188 (2015).

26. Noh, J. H,, Im, S. H., Mandal, T. N. & Seok, S. I. Chemical Management for Colorful, Efficient, and Stable Inorganic-Organic Hybrid
Nanostructured Solar Cells. Nano Lett. 13, 1764-1769 (2013).

27. Gil-Escrig, L., Miquel-Sempere, A., Sessolo, M. & Bolink, H. J. Mixed Iodide-Bromide Methylammonium Lead Perovskite-based
Diodes for Light Emission and Photovoltaics. J. Phys. Chem. Lett. 6, 3743-3748 (2015).

28. Mosconi, E., Amat, A., Nazeeruddin, M. K., Gritzel, M. & De Angelis, F. First-principles modeling of mixed halide organometal
perovskites for photovoltaic applications. J. Phys. Chem. C 117, 13902-13913 (2013).

29. Xiao, Z. et al. Solvent annealing of perovskite-induced crystal growth for photovoltaic-device efficiency enhancement. Adv. Mater.
26, 6503-6509 (2014).

30. Stranks, S. D. et al. Recombination kinetics in organic-inorganic perovskites: Excitons, free charge, and subgap states. Phys. Rev. App.
2, 034007 (2014).

31. Bi, D, Yang, L., Boschloo, G., Hagfeldt, A. & Johansson, E. M. J. Effect of different hole transport materials on recombination in
CH3NH?PbI® perovskite-sensitized mesoscopic solar cells. J. Phys. Chem. Lett. 4, 1532-1536 (2013).

32. Roiati, V. et al. Investigating charge dynamics in halide perovskite-sensitized mesostructured solar cells. Energy Environ. Sci. 7,
1889-1894 (2014).

33. Lee, J.-W. et al. Rutile TiO?-based perovskite solar cells. . Mat. Chem. A 2, 9251-9259 (2014).

34. Sanchez, R. S. et al. Slow dynamic processes in lead halide perovskite solar cells. characteristic times and hysteresis. J. Phys. Chem.
Lett. 5,2357-2363 (2014).

w

SCIENTIFICREPORTS | 6:39333 | DOI: 10.1038/srep39333 6



www.nature.com/scientificreports/

35. Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J. Efficient hybrid solar cells based on meso-superstructured
organometal halide perovskites. Science 338, 643-647 (2012).

36. Green, M. Solar cell minority carrier lifetime using open circuit voltage decay. Solar Cells 11, 147 (1984).

37. Song, X., Wang, W,, Sun, P, Ma, W. & Chen, Z.-K. Additive to regulate the perovskite crystal film growth in planar heterojunction
solar cells. Appl. Phys. Lett. 106, 033901 (2015).

38. Zuo, C. & Ding, L. An 80.11% ff record achieved for perovskite solar cells by using the NH,Cl additive. Nanoscale 6, 9935-9938
(2014).

39. Yang, M. et al. Facile fabrication of large-grain CH;NH,PbI;_ Br, films for high-efficiency solar cells via CH;NH,Br-selective
Ostwald ripening. Nat. Commun. 7, 12305 (2016).

40. Chen, T. et al. Rotational dynamics of organic cations in the CH;NH;Pbl; perovskite. Phys. Chem. Chem. Phys. 17, 31278-31286
(2015).

41. Eames, C. et al. Ionic transport in hybrid lead iodide perovskite solar cells. Nat. Commun. 6, 7497 (2015).

42. Xiao, Z. et al. Efficient, high yield perovskite photovoltaic devices grown by interdiffusion of solution-processed precursor stacking
layers. Energy Environ. Sci. 7, 2619-2623 (2014).

43. Kulkarni, S. A. et al. Band-gap tuning of lead halide perovskites using a sequential deposition process. J. Mat. Chem. A 2, 9221-9225
(2014).

Acknowledgements

All authors acknowledge the financial support from the Federal Ministry of Education and Research within
the Collaborative Research Network “HYPER” with grant agreement number 03SF0514. A.B. and V.D. further
acknowledges financial support by the Bavarian Ministry of Economic Affairs and Media, Energy and Technology.
This publication was supported by the Open Access Publication Fund of the University of Wuerzburg.

Author Contributions
D.K. fabricated the solar cells and conducted the experiments together with A.B., PR., K.T. and V.D. analyzed the
results. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kiermasch, D. et al. Improved charge carrier lifetime in planar perovskite solar cells by
bromine doping. Sci. Rep. 6, 39333; doi: 10.1038/srep39333 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:39333 | DOI: 10.1038/srep39333 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Improved charge carrier lifetime in planar perovskite solar cells by bromine doping

	Results and Discussion

	Conclusion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SEM images (a–c) and photovoltaic performance (d) of different perovskite layers.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) TPV decays at a background illumination intensity of 1 sun for the three different devices measured at 300 K.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) CE signal (left axis) and the integral (right axis) for the three investigated devices after illuminated with 1 sun.



 
    
       
          application/pdf
          
             
                Improved charge carrier lifetime in planar perovskite solar cells by bromine doping
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39333
            
         
          
             
                David Kiermasch
                Philipp Rieder
                Kristofer Tvingstedt
                Andreas Baumann
                Vladimir Dyakonov
            
         
          doi:10.1038/srep39333
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39333
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39333
            
         
      
       
          
          
          
             
                doi:10.1038/srep39333
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39333
            
         
          
          
      
       
       
          True
      
   




