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The effect of water addition during preparation of a

CH3NH3PbI3 layer on the photodynamics is studied by femto-
second transient absorption. Both the regular perovskite and

the aqueous analogue show charge thermalisation on a time-
scale of about 500 fs. This process is, however, less pro-

nounced in the latter layer. The spectral feature associated

with hot charges does not fully decay on this timescale, but
also shows a long-lived (sub-ns) component. As water mole-

cules may interfere with the hydrogen bonding between the
CH3NH3

+ cations and the inorganic cage, this effect is possibly

caused by immobilisation of cation motion, suggesting a key
role of CH3NH3

+ dipole reorientation in charge thermalisation.

This effect shows the possibility of controlling hot charge carri-

er cooling to overcome the Shockley–Queisser limit.

Hybrid perovskites are attracting tremendous attention as
highly promising materials for low-cost and efficient photovol-

taics,[1] light-emitting diodes,[2] memory devices[3] and nonlinear
optical devices.[4] These fascinating materials, generally based

on an ABX3 crystal structure where A represents an organic

cation embedded in an inorganic cage of B (lead or tin) and a
halogen X, combine the solution processability of molecular

materials with the low exciton binding energy,[5] high charge
mobility and long diffusion length[6] of inorganic semiconduc-

tors. Soon after Miyasaka’s publication on a perovskite dye-
sensitised solar cell in 2009,[7] the power conversion efficiency

realised increased in an exponential manner to 22.1 % recent-

ly.[8]

As this technology is very young and research has predomi-

nantly focused on the development of materials and devices,
insight into the photophysical dynamics enabling this impres-

sive performance is still developing. The most commonly used

CH3NH3PbI3 material has a broad absorption spectrum with
maxima around 480 nm and 760 nm. The origin of this dual

behaviour is under debate and generally explained in terms of
filling of valence/conduction bands,[9] multiple valence and

conduction bands[6c, 10] and distinct charge transfer transi-

tions.[11] Recent quantum chemical calculations indicate that
the valence band upper states have a strong contribution from

iodide, whereas the bottom of the conduction band is possibly
formed of molecular orbitals dominated by Pb states.[12] The

CH3NH3
+ cation likely gives rise to energy levels above the

conduction band edge. Photoexcitation in the red has been

proposed to mainly give I@!Pb2+ charge transfer, while

excess photoexcitation energy may also lead to I@!CH3NH3
+

charge transfer and potentially even to movement of the I@

ion.[13]

An intriguing phenomenon is the rotation of the organic

cation.[14] Its role in the photophysical properties of hybrid per-
ovskites has been studied using a variety of theoretical ap-

proaches and spectroscopic techniques.[15] Hybrid perovskites

have been demonstrated to show an optical Stark effect[13a, 16]

due to photoinduced generation of charge carriers and possi-

bly also due to a response of CH3NH3
+ dipole orientations. The

energy landscape for motion and the energetically most stable

orientation of an ensemble of CH3NH3
+ dipoles is under

debate.[17] Neutron scattering experiments have shown a

&14 ps reorientation time of the CH3NH3
+ cation,[18] while ul-

trafast 2D vibrational spectroscopy experiments have demon-
strated a &300 fs ”wobbling-in-a-cone“ motion and a &3 ps
jump-like reorientation relative to the inorganic cage.[19] These
dipole motions may well be essential for the unique properties

of hybrid perovskites and their role in exciton dissociation,
charge cooling, separation and recombination is intensely de-

bated.[15, 17d, 20] The long charge carrier lifetime has been ex-
plained by a dipole-induced stabilisation effect resulting in the
formation of large polarons.[21] DFT calculations have demon-

strated an important role of ferroelectric domain walls in
charge separation.[22] Monte Carlo simulations have shown that

collective rotation of CH3NH3
+ dipoles supports separation of

electrons and holes into spatially distinct nanodomains follow-

ing different current pathways, suppressing charge carrier re-

combination.[23] Another recent theoretical work has reported
on a deformation of the inorganic cage induced by rotation of

CH3NH3
+ cations, resulting in separation of photoinduced elec-

trons and holes into spatially separated charge carrier

stripes.[24] Also a variety in dynamic hydrogen bonding interac-
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tions between the NH3
+ group of the cation and the I@ ions of

the inorganic cage[19b, 25] may well be important.

The performance of CH3NH3PbI3 based solar cells is well
known to depend on the preparation.[26] The microstructure

has been observed to have a pronounced effect on trap states,
electron-hole interactions and charge carrier lifetimes.[27] The
effects of water on the photovoltaic performance have recently
become a topic of interest within the perovskite community,
although results are sometimes contrasting. The presence of

water has both been observed to accelerate degradation[28]

and also improve the device performance and stability.[29] The
perovskite crystal size, charge carrier lifetime and solar cell effi-
ciency have been found to increase with water content for ad-

ditions up to 5 vol % H2O to the solutions used for layer prepa-
ration.[30] Both reversible and irreversible effects of water have

been observed.[31] Water molecules have also been observed to

interfere with the hydrogen bonding interactions between the
CH3NH3

+ cation and the inorganic cage.[32] The present work

therefore focuses at the role of hydration in the early-time
photodynamics, and highlights its significant role in the hot

charge carrier lifetime.
The UV/Vis absorption spectra shown in Figure 1, of layers

of regular CH3NH3PbI3 prepared following a two-step spin-coat-

ing procedure (see Experimental Section) and CH3NH3PbI3 pre-
pared from solutions containing 1 vol % H2O are nearly similar

and both show maxima at about 760 and 480 nm, in agree-
ment with earlier studies.[33] Also, the structural analysis data

(provided in the Supporting Information, Section 1) are nearly
similar. The X-ray diffraction patterns indicate the presence of

both CH3NH3PbI3 and PbI2 in the layer, in agreement with earli-

er studies using a similar preparation procedure.[34] The
amount of PbI2 in the aqueous layer may be slightly higher.

The observed difference with the regular layer is though com-
parable to variations between samples, which may be due to

small fluctuations in annealing temperature. The infrared re-
flectance spectra of both perovskite layers are also rather simi-

lar. The signal around ca. 3500 cm@1 indicative of intercalated

H2O is weak relative to earlier observations for layers exposed
to humid air,[32b] indicating that addition of 1 vol % H2O to the

solutions used for preparation only leads to a low degree of

water intercalation. The scanning electron micrographs show a
homogeneous nanomorphology for both layers, with a typical

crystal size of about 50 nm. The CH3NH3PbI3 layer prepared
from solutions containing 1 vol % H2O shows additional fea-

tures with a size of a few nm.
The impact of water addition on the charge carrier dynamics

was studied by femtosecond transient absorption spectrosco-
py. Figure 2 A shows the transient absorption spectra of the

CH3NH3PbI3 layer at 525 nm photoexcitation for various time

delays between pump and probe. The two absorption bands
in the visible around 480 and 760 nm shown in Figure 1 give
rise to two negative ground state bleach (GSB) signals. The
photogenerated hot charge carriers give rise to a short-lived
excited state absorption (ESA) band around 780 nm.[35] The in-
tensity of this ESA band decreases on lowering the excess pho-

toexcitation energy, as evident from comparison with the tran-

sient absorption data at 700 nm photoexcitation (see Support-
ing Information, section 2). The broad ESA in the visible is gen-

erally attributed to charge carriers.[16b] Figure 2 B shows the ki-
netic traces at key wavelengths. The ESA around 780 nm

decays at a sub-ps time scale indicative of charge cooling.[35b]

This band extends into the infrared, as evident from the sub-

ps decay component in the kinetic trace at 840 nm. The long-

lived (sub-ns) component in this signal is likely due to ESA by
charge carriers. The lowest energy GSB band (with a maximum

around 745 nm) builds up within the instrumental response
time and further develops on a sub-ps time scale, likely also

Figure 1. UV/Vis absorption spectra of layers of : A) CH3NH3PbI3 and
B) CH3NH3PbI3 prepared from solutions containing 1 vol % H2O.

Figure 2. A) Transient absorption spectra at 525 nm photoexcitation and
B) kinetic traces of a CH3NH3PbI3 layer. The solid lines present the fit to a
sequential model where ultrafast (511:2 fs) charge cooling is followed
by second-order charge recombination occurring at a rate constant of
8:3 V 10@10 cm3 s@1.
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due to charge carrier cooling.[6c] The GSB signal also shows a
redshift and narrowing in time, which effect is discussed

below. The kinetic trace at 600 nm representative of the broad
ESA band in the visible develops on a sub-ps time scale corre-

lated to the decay in &780 nm ESA signal and ingrowth in
GSB around 745 nm due to charge carrier cooling.[35b] The

broad ESA band in the visible is likely overlapping with the
second GSB signal around 480 nm, causing this GSB signal to
become less negative on a sub-ps time scale after formation of

the initial GSB within the instrumental response time. All tran-
sient absorption signals decay at a sub-ns time scale indicating

charge carrier recombination. A photophysical model has been
established through global and target analysis of the data (fit
included as solid lines in Figure 2), in which charge carrier cool-
ing occurring at a time constant of 511:2 fs is followed by

second-order charge recombination[9] with a rate constant of

8:3 V 10@10 cm3 s@1.
Figure 3 A shows the transient absorption spectra at 525 nm

photoexcitation of the CH3NH3PbI3 layer prepared from solu-
tions containing 1 vol % H2O. Comparison with Figure 2 A

shows a number of notable differences in spectrotemporal be-
haviour with the regular CH3NH3PbI3 layer. The GSB signal

around 480 nm relative to the 760 nm GSB is more intense. As
the CH3NH3

+ cation is likely involved in the first electronic tran-

sition,[13] this effect may be caused by the proximity of a H2O
molecule to the cation. Also the transient absorption signal in-

tensities have decreased. Another important difference in-
volves the ESA around 775 nm. Though part of this signal

decays on a sub-ps time scale similar to regular CH3NH3PbI3, a
longer-lived signal remains. This effect is also evident in the ki-
netic traces presented in Figure 3 B. All transient absorption

signals decay at a sub-ns time scale indicating charge recombi-
nation. Fitting a similar sequential model used above gives a

charge cooling time of 512:3 fs and a second-order charge
recombination rate of 1.0:0.5 V 10@9 cm3 s@1. Evidently, the

charge recombination dynamics are unaffected by the addition
of 1 vol% H2O to the solutions used for perovskite layer prepa-

ration. Note that the presence of PbI2 in perovskite layers

could slow down charge carrier recombination.[35c] The similar
recombination dynamics observed for the regular and aqueous

perovskite layers indicate a negligible impact of the possibly
slightly higher amount of PbI2 in the aqueous layer.

Figure 4 shows the normalised species associated spectra
(SAS) obtained from the data analysis described above for

both the regular CH3NH3PbI3 layer and the layer prepared from

solutions containing 1 vol % H2O. SAS 1 represents the spec-
trum prior to charge carrier cooling, while SAS 2 applies to

after thermalisation. For both layers the lowest energy GSB
shows a redshift in time and also becomes narrower, which

can be assigned to charge carrier cooling reducing the transi-
ent optical Stark effect induced by hot carriers.[35] The photoin-

duced change in local electric field responsible for the optical

Stark effect observed may well be screened by rearrangement
of CH3NH3

+ dipoles[13a] and also alter in time due to a change

in electron-hole separation distance and concentration.[16b]

Both SAS 1 and SAS 2 of the aqueous analogue show a ca.

10 nm blue shift relative to the spectra of the regular
CH3NH3PbI3 layer. This trend is in agreement with the observed

widening in band gap induced by water intercalation.[36] How-

ever, the absence of a blue shift for the aqueous analogue rela-
tive to the regular perovskite at 700 nm photoexcitation (see

Supporting Information, section 2) shows the need for excess

Figure 3. A) Transient absorption spectra at 525 nm photoexcitation and
B) kinetic traces of a CH3NH3PbI3 layer prepared from solutions containing
1 vol % H2O. The solid lines present the fit to a sequential model where ul-
trafast (512:3 fs) charge cooling is followed by second-order charge recom-
bination occurring at a rate constant of 1.0:0.5 V 10@9 cm3 s@1.

Figure 4. Normalised species associated spectra for layers of: A) CH3NH3PbI3

and B) CH3NH3PbI3 prepared from solutions containing 1 vol % H2O.
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photoexcitation energy, suggesting a difference in local electric
field to be responsible for the blue shift.

A second important effect of H2O addition is the temporal
evolution of the ESA signal around 780 nm, indicative of hot

charge carriers. The regular CH3NH3PbI3 layer shows this fea-
ture only in SAS 1 representing early (sub-ps) time scales. On

the contrary, the aqueous analogue shows this absorption
band also in SAS 2, although less intense. This effect is also il-
lustrated by the difference in the kinetic traces associated with

hot charge carriers (blue traces in Figures 2 B and Figures 3 B).
Although also for the hydrated analogue part of this signal

decays on a sub-ps time scale, a longer-lived signal remains, in-
dicating that less hot charge carriers are thermalised in the ini-

tial ultrafast (ca. 500 fs) cooling process.
As H2O has been observed to interfere with the hydrogen

bonding interactions between the CH3NH3
+ cation and the in-

organic cage,[32b] this difference suggests a role of (possibly col-
lective) CH3NH3

+ dipole reorientation in charge cooling. The

presence of a H2O molecule in the vicinity of a CH3NH3
+ cation

is likely to slow down its motions. The combination of a ca.

500 fs decay component alike the regular perovskite layer
combined with a long-lived component may be assigned to

the coexistence of both single CH3NH3
+ cations and combina-

tions of one CH3NH3
+ cation and one (or more) H2O mole-

cule(s) in the inorganic cage. As a result, a fraction of the

CH3NH3
+ dipoles may be immobilised alike mixed halide per-

ovskites,[19b] preserving a significant fraction of hot charge car-

riers till time scales exceeding 100 ps instead of thermalising
within 1 ps. This partial immobilisation may play a role in the

blue shifts observed (Figure 4), suggesting less screening of

the photoinduced transient optical Stark effect. Also the effect
of water addition on the nanomorphology discussed above

may play a role in the observed slow charge carrier thermalisa-
tion.

Harvesting hot charge carriers offers the opportunity to
overcome the Shockley–Queisser limit restricting the power

conversion efficiency of photovoltaic devices. Layers of colloi-

dal CH3NH3PbBr3 perovskite nanocrystals have recently been
demonstrated to show slow charge carrier cooling, which al-
lowed extraction of hot carriers with an efficiency up to
83 %.[37] The present work presents an alternative approach
based on water addition, which may immobilise a fraction of
the CH3NH3

+ cations in the perovskite, and possibly reduce

the number of phonons available for charge carrier thermalisa-
tion. It can be anticipated that a similar effect may also be
present in non-aqueous immobilised hybrid perovskites. Pro-

viding the device stability can be preserved, the observation of
similar charge recombination dynamics for the aqueous ana-

logue and the regular layer shows promise for introduction of
this approach to control hot charge carrier cooling in solar

cells.

Experimental Section

CH3NH3PbI3 layers were prepared from PbI2 (Sigma–Aldrich,
99.999 %) and CH3NH3I by spincoating and annealing as described
in previous work.[34] CH3NH3I was synthesised and purified as re-

ported earlier[19a] and dried in a vacuum oven at 60 8C for 24 hours.
The quartz and glass substrates used for perovskite layer deposi-
tion and sealing were plasma cleaned and dried in advance. Briefly,
50 ml of a precursor solution was deposited on the substrate while
spinning it at 6500 rpm. This solution consisting of 1.3 m PbI2 and
0.31 m CH3NH3I in 9:1 (v/v) N,N-dimethylformamide (Sigma–Aldrich,
anhydrous, 99.8 %) and dimethyl sulfoxide (Sigma–Aldrich, anhy-
drous, +99.9 %) was prepared 24 hours in advance and filtered
twice using a 0.2 mm pore size filter. After 13 seconds, the rate was
reduced to 4000 rpm in 1 second, and after 5 seconds 75 ml of
CH3NH3I solution in 2-propanol (0.063 m, Sigma–Aldrich, anhydrous,
99.5 %) was deposited onto the precursor layer, followed by 39 sec-
onds of spinning. After spincoating, the sample was annealed on a
hotplate at 100 8C for 15 minutes, covered by a second quartz or
glass substrate and sealed.

UV/Vis absorption spectra were recorded using a Shimadzu UV-
1800 spectrophotometer. X-ray diffraction data were recorded on a
Bruker D2 Phaser diffractometer. Scanning electron micrographs
were recorded using a Zeiss Merlin high-resolution scanning elec-
tron microscope. IR reflectance spectra were recorded using a
Bruker Vertex 70 FTIR spectrometer.

The femtosecond transient absorption system consists of an ampli-
fied Yb:KGW laser system (Light Conversion Pharos), which produ-
ces 1028 nm laser pulses at 5 kHz repetition rate. Part of this
1028 nm output was directed into an optical parametric amplifier
(Light Conversion) to generate the 525 nm pump beam. The re-
maining part of the fundamental 1028 nm beam was guided
through a delay stage and focused onto a CaF2 crystal to generate
a broadband white light continuum probe. The CaF2 crystal was
mounted on a continuously moving stage to avoid thermal
damage. The polarisation angle between the pump and probe
beams was set at magic angle (54.78). The pulse energy of the
525 nm pump beam (diameter ca. 250 mm) was about 4 V 1013 pho-
tons cm@2. The probe light transmitted by the perovskite sample
was detected using a Helios detector (Ultrafast Systems). The differ-
ential absorbance probe signal between pump on and off was ob-
tained by chopping the 525 nm pump beam at 2.5 kHz.

The transient absorption data were numerically corrected for chirp
by fitting the onset of the kinetic traces at various probe wave-
lengths with a polynomial function, and subsequent correction of
the time axis on basis of that polynomial function. From the in-
growth of the signals, the time resolution was estimated to be
100–150 fs. The open-source program Glotaran[38] was used for
analysis of the data from @2 ps till 5 ps, while the data from 5 ps
till 1 ns were analysed using Origin assuming second-order charge
carrier recombination [Eq. (1)]:[9]

n0

nt
@ 1 ¼ kn0t ð1Þ

The parameter n0 represents the initial charge carrier density (n0 =
ja, with j the pump fluency and a the absorption coefficient at the
pump wavelength), k is the second-order rate constant for recom-
bination and nt is the charge carrier density in time t.
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