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Methylammonium lead iodide perovskites are considered direct

bandgap semiconductors. Here we show that in fact they present

a weakly indirect bandgap 60 meV below the direct bandgap

transition. This is a consequence of spin–orbit coupling resulting

in Rashba-splitting of the conduction band. The indirect nature of the

bandgap explains the apparent contradiction of strong absorption and

long charge carrier lifetime. Under hydrostatic pressure from ambient to

325 MPa, Rashba splitting is reduced due to a pressure induced

reduction in local electric field around the Pb atom. The nature of the

bandgap becomes increasingly more direct, resulting in five times faster

charge carrier recombination, and a doubling of the radiative efficiency.

At hydrostatic pressures above 325 MPa, MAPI undergoes a reversible

phase transition resulting in a purely direct bandgap semiconductor. The

pressure-induced changes suggest epitaxial and synthetic routes to

higher efficiency optoelectronic devices.

Solar cells based on methylammonium lead iodide perovskites

(MAPI) have seen an unprecedented increase in efficiency over a

short period of time,1–4 while other applications including

lasers and photodetectors have shown promise.5,6 The high

efficiency of these applications arises due to low defect density7

with long charge carrier lifetime8 and diffusion length,9 in spite

of the material being solution processable. To date, MAPI has

widely been considered a direct bandgap semiconductor

according to both theoretical calculations and experimental

observations.10,11 However, the unusually long minority carrier

lifetime with values more similar to those of indirect bandgap

semiconductors,12 and the associated long charge carrier diffusion

length has been a long-standing mystery in the field. It evoked

explanations based on long-lived trapping of charges,13 large

polarons,14 and triplet exciton formation.15 Recently, theoretical

calculations predicted a slightly indirect bandgap in this

material.16 Brivio et al. calculated the band structure of MAPI

using quasiparticle self-consistent GW theory and found that a

Rashba-splitting of the conduction band should generate this

slightly indirect bandgap.17 The same relativistic effect has been

reported in other calculations.18–20

Recent experimental indications point towards a Rashba-split

band in MAPbBr3.
21 However, there is no direct experimental

evidence that supports the theoretical predictions of the band-

structure of the prototypical solar cell material MAPI, or the

dramatic consequences for the charge carrier dynamics. The

bandstructure of a semiconductor can be altered by structural

changes under external application of pressure.22,23 Pressure has

been applied to MAPI to understand the structural changes24–26

and the recombination dynamics.27 It was found that MAPI

undergoes a phase transition at around 325 MPa. The phase at

ambient pressures is tetragonal23,25 and the high pressure phase

has been subject to debate, assigned to orthorhombic24,26,27 and
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Broader context

Solar cells made from hybrid perovskite semiconductors have seen an

unprecedented rise in efficiency over the past few years, now reaching

efficiency values close to the best silicon solar cells. However, the under-

standing as to why these materials perform so efficiently is lacking

behind the device progress. One of the great mysteries is the unusually

long charge carrier lifetime. Conventional semiconductors show either

strong absorption and short charge carrier lifetime (direct bandgap

semiconductors), or weak absorption and long lifetimes (indirect band-

gap). Hybrid perovskites seem to offer both strong absorption and long

lifetime, which is very convenient for solar cell operation. Here we show

that the origin of the unusually long lifetime lies in the peculiar

bandstructure of methylammonium lead iodide (MAPI). An indirect

transition, arising from a relativistic spin–orbit splitting of the lower

conduction band, is present just below the direct bandgap of the

perovskites. This allows strong light absorption via the direct transition,

then the generated charges relax into the indirect band where they are

protected from recombination. We also show that the indirect bandgap

disappears at high pressure. Then the lifetime is reduced and the

radiative efficiency is doubled which could open the route towards more

efficient light emitting devices such as LEDs and lasers.
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cubic25 crystal phases. A further phase transition is known to

occur in the GPa regime.24–26

Here we find that MAPI has an indirect bandgap 60 meV

below the direct bandgap both in absorption and emission

spectra. This indirect gap is responsible for the unusually long

carrier lifetime because the thermalized carriers are protected

against recombination via the fast direct transition. The indirect

transition arises from Rashba splitting of the conduction band.

The band is split due to the local electric field generated by the

absence of inversion symmetry around the Pb site, which acts

on the 6p orbitals of the lead-atom where most of the conduction

band minimum is located.17,28

We study the optoelectronic changes of thin polycrystalline

MAPI films under mild hydrostatic pressure up to 400 MPa,

below and just above the phase transition at 325 MPa. We show

that the bandgap changes with pressure and that the direct

transition is enhanced. Above the phase transition MAPI behaves

like a purely direct bandgap semiconductor. As the bandgap

becomes more direct, the charge carrier lifetime decreases

drastically with increasing pressure and the photoluminescence

quantum yield (PLQY) exhibits a two-fold increase. These

changes can be understood in terms of an increase in inversion

symmetry around the Pb site due to a reduction in the in-phase

ordering of the MA ions under pressure. These changes lead to a

reduction in Rashba splitting, resulting in a more direct bandgap

of MAPI. Our results show that small structural changes can

significantly improve relevant optoelectronic properties of MAPI.

Results and discussion

We apply hydrostatic pressure to 400 nm thin polycrystalline

films of MAPI using a pressure cell filled with an inert,

mechanically pumped pressure liquid (see Experimental methods

for details). The material is continuously compressed with a

maximum strain of 3% at 400 MPa, as calculated from a Young’s

modulus of 12.8 GPa.29 This value is in good agreement with the

change of lattice volume up to 400MPa, derived from powder X-ray

diffraction (PXRD) data.25 The absorption spectrum remains

constant in shape, but the onset of absorption clearly changes

with pressure (Fig. 1a, and Fig. S1 for complete set of absorption

spectra, ESI†). We used the linear part of Tauc plots30 of the

absorption edge to extract the (direct) bandgap (see Fig. 1b and

Section S1 for details, ESI†). For the pressure upstroke, a

continuous red-shift of the absorption edge by 30 meV is

observed until 325 MPa. This unusual trend arises due to the

electronic band structure associated with the corner sharing

PbI3
� network.31 While many semiconductors have negative

Fig. 1 Absorbance and steady-state photoluminescence (PL) of MAPI at different pressures. (a) Absorbance spectra at three characteristic pressures.

(b) Change of the direct bandgap under pressure for pressure up (blue circles) and down (red squares) stroke. DFT calculations (dashed line) predict the

bandgap change before phase transition. Black bars inside symbols represent the error from the fit. (c) Photoluminescence (PL) spectra and fits at three

different pressures. At pressures below phase transition (325 MPa) the PL fit requires two peaks while above the phase transition only one peak suffices.

The inset shows PL spectra at different excitation densities under ambient pressure. (d) Position of main and side peak as extracted from fit to PL data. The

ratio of side to main peak intensity increases with rising pressure. (e) Schematics of band structure, showing direct and indirect transitions and their

change with pressure. (f) PDS data from literature43 fit with an exponential Urbach tail (orange) and indirect (blue) and direct (green) bandgap.
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bandgap deformation potentials (the bandgap increases with

increasing pressure), hybrid lead halide perovskites have positive

values as the band extrema are found at the boundary of the

Brillouin zone (R point) that corresponds to out-of-phase inter-

actions between neighboring unit cells.32

An abrupt blue-shift occurs above 325 MPa which can be

understood as a result of a phase transition from a tetragonal to

an orthorhombic or cubic crystal structure.24–27 The phase

transition is followed by a continuous blue-shift. Upon release

of pressure from 400 MPa, i.e. the pressure downstroke, the

change in bandgap is completely reversible, thus we can infer that

the deformation of the crystal lattice is elastic and therefore the

pressure-induced structural changes, including the phase transition,

are reversible. The change in bandgap is in good agreement with the

result of density functional theory (DFT) calculations before the

phase transition (dashed line in Fig. 1b, see Experimental methods

for details). Atomistic modeling was not attempted on the high-

pressure structure that emerges above 325 MPa, so the secondary

blue-shift is not recovered in the calculations.

The steady-state photoluminescence (PL) spectra of MAPI

reveal peculiar behavior under pressure (see Fig. 1c, Fig. S2 for

complete set of PL spectra, and Section S2 for details, ESI†). We

find that the PL spectrum is composed of two distinct peaks

before the phase transition, and that one peak is sufficient to fit

the data after the phase transition. At 0 MPa, the dominating

emission peak is located at around 1.61 eV, while a side

emission peak is located at around 1.55 eV. The side peak

disappears at high excitation densities (as shown in the inset of

Fig. 1c). Many reports at high excitation densities hence do not

resolve the side peak,15,33,34 and in reports at low excitation

density the asymmetric PL spectrum is often ignored.27,35–38

The main peak has been assigned to band-to-band recombination

and speculations about the origin of the side peak include phonon-

assisted recombination34 and exciton–phonon interaction.39 A PL

side peak has also been observed in the low-temperature ortho-

rhombic phase of MAPI. However, that side peak has been assigned

to trapped40,41 or bound5,15 charge-carrier pairs, which, as we show,

is different compared to the side peak at room temperature. With

increasing pressure up to 325 MPa, the main peak exhibits a

red-shift by 10 meV and side peak exhibit a red-shift by 20 meV

(Fig. 1d). The main peak shows an abrupt blue-shift at the phase

transition followed up by a continuous blue-shift up to 400MPa,

which is consistent with the shift of absorption edge. Following

previous work27 and from the PL peak position40 we assign the

high-pressure phase to the orthorhombic phase. In the following

we will show that the side peak in the low pressure phase arises

from an indirect transition 60 meV below the direct bandgap.

Recent theoretical studies have predicted that a Rashba

splitting of the conduction band is present for MAPI, leading

to a slightly indirect transition 50 to 75 meV below the direct

bandgap28 (Fig. 1e). This is due to strong spin–orbit coupling

(SOC) in the MAPI crystal. The conduction band minimum in

MAPI is mainly formed by the lead (Z = 82) 6p orbitals, while the

valence band maximum is mainly formed by iodine (Z = 53)

5p orbitals. As the spin-splitting scales approximately with Z2,

the valence band is less affected than the conduction band.

Therefore, although a small splitting of the valence band is

observed in the calculations, it is negligible compared to the

large splitting in conduction band. The flattened valence band

provides a large density of states that enables strong direct

absorption. However, when MAPI is excited at low intensities,

mainly the bottom of the conduction band will be filled, which

means that (slow) indirect transitions will play a significant role.

In our PL spectra, the energy of the side peak is 60 meV

below the main peak, which fits the theoretical prediction (the

energy of the phonon required is small in comparison, see

Section S3 for details, ESI†). The ratio between the area of side

and main peak is increasing with increasing pressure up to

325 MPa (Fig. 1d). At the same time the difference in energy

between the peak positions is reduced, from 60 meV to around

50 meV at 300 MPa (Fig. S3, ESI†). After the phase transition at

325 MPa only one PL peak is present. These phenomena can be

understood as a result of changes in the ordering of MA ions.

In-phase ordering of MA ions increases Rashba-splitting, while

out-of-phase ordering decreases the splitting. The ordering of

MA ions decreases at low pressure before the phase transition

to decrease the occupied volume. The ambient tetragonal phase

features in-phase ordering of the MA ions,42 hence the decrease

in order at low pressure reduces the splitting. After the phase

transition MAPI is in the orthorhombic phase, which features

out-of-phase order,42 and the splitting vanishes and MAPI

becomes a purely direct bandgap semiconductor.

The indirect bandgap is also apparent in the absorption

spectrum below the direct bandgap. We find that data gathered

from photothermal deflection spectroscopy (PDS, data taken

from literature43–45) can only be fitted with both a direct

bandgap and an indirect bandgap between 46 and 60 meV

below the direct gap, in addition to the Urbach tail (one

example in Fig. 1f, see Section S4 for details and Fig. S4–S6

for additional spectra, ESI†). Combining only a direct bandgap

and the Urbach tail (dashed line in Fig. S4–S6, ESI†) yields a

very poor fit. We note that the Tauc analysis is only valid in the

absence of significant excitonic contribution to the absorption

spectrum in the relevant region.46 An excitonic and a continuum

contribution following the Elliott formula can also yield a

reasonable fit to the absorption spectrum, though with much

larger residuals in the region where we expect the indirect

bandgap (see Section S5, ESI†). This indicates that accurately

describing the below-bandgap absorption spectrum does

require an indirect bandgap. Additionally, the dramatic changes

we observe under pressure cannot be explained by an excitonic

contribution alone, without invoking the indirect bandgap,

since the change in excitonic contribution to the absorption

spectrum under pressure is small (see below), in stark contrast

to the strong changes in the optoelectronic properties.

We expect the transition towards a more direct bandgap

under pressure to result in a shorter excited state lifetime. We

use time-correlated single photon counting (TCSPC) to probe

the excited state lifetime at different pressures. The sample is

excited with a red laser at 640 nm (12 nJ cm�2), at a low initial

charge carrier density of around 6 � 1014 cm�3 (Fig. 2a, see

Section S6 for details, ESI†). This mild excitation density
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reduces the filling of the conduction band and thus enhances

the contribution seen from the indirect transition. At a charge

carrier density above 1017 cm�3, where bimolecular and mono-

molecular decay rates increase at higher pressure (Fig. 2b). We

note that this is contrary to the trend recently measured for

MAPI powders.27 To determine how well bimolecular recombination

competes with monomolecular recombination we calculate the

fraction of charge carriers that decayed via the bimolecular

(radiative) and monomolecular (non-radiative) path (Fig. 2c)

(see Section S6 for details of calculation, ESI†). The internal

radiative efficiency increases from 20% at ambient pressure to

40% at 325 MPa and remains at around 40% from 325 to 400 MPa

(Fig. 2c). The increasing fraction of radiatively decaying charge

carriers and hence increase in PLQY is a result of an increasingly

direct nature of the bandgap. The cross-section for vertical electron–

hole recombination is increased as Rashba splitting is decreased.

This model is consistent with the strong increase in PLQY with

increasing excitation density47,48 as higher excitation density

saturates the indirect transition and enhances the direct transition

(numerically shown in literature28). Similar effects can also be seen

in the low-temperature orthorhombic phase of MAPI where an

ordered anti-ferroelectric structure is formed that suppresses

internal electric fields.35 We therefore propose that the enhance-

ment of PLQY at high pressure has the samemicroscopic origin as

the recently reported low temperature optoelectronic behavior.

The PL side-peak and the slow recombination have been

associated with trap states40,41 and excitonic effects,5,15 and

cation reorientation could also affect the PL spectrum.16 In the

following we discuss our reasoning for assigning the effects

observed under pressure to the indirect bandgap instead.

We can exclude trap states as a major factor that causes the

effects under pressure as trap states cannot account for the

simultaneous increase in the PLQY and in the side peak

contribution of the PL spectra. If the trap states were to become

more relevant under pressure one would expect the PLQY to

decrease instead. To confirm that the charge carrier dynamics are

not dominated by trap states, we measure the external PLQY of our

films (see Section S7, ESI†), which is comparable to valuesmeasured

for films showing very high solar cell performance.36 We also

compare the PL spectrum of samples made by different processing

methods, and compare several samples made by the same method.

We observe the same PL side peak in all samples, with differences

in the magnitude of the effect, and a slight difference in the energy

difference betweenmain and side peak (see Section S8, ESI†). These

differences might arise from different doping levels induced by

different preparation methods. We also observe the same behavior

under pressure for a sample prepared by a different method (see

Section S8, ESI†). It is unlikely that the same photoluminescence

behaviour appears for such different samples if it came from

deposition-induced traps or phase separation.

MA cation reorientation following excitation could also lead

to a lower-energy state with a long lifetime. However, we think

that it does not explain our dataset. For example, the absorption

spectrum should show no significant features of such a low-

energy transition, because the cation re-orientation only happens

after charge generation. Also, the PL spectrum shows that the

majority of the carriers decays via the high-energy transition,

which can be easily explained by the Rashba-split conduction

band, but would be very unlikely if the charge carrier protection

would arise through the re-orientation of the cations. In that case

the emission would come from the low-energy transition, with the

exception of the very early-time PL, before the reorientation.

It is conceivable that the exciton in perovskites also stabilizes

the excited state. We calculate the change of exciton binding

Fig. 2 Time-Correlated Single Photon Counting (TCSPC) data of the PL of a MAPI film under pressure, excited with a 640 nm laser. (a) TCSPC data of

0 MPa, 320 MPa and 400 MPa pressure. The black line shows the fit from the model shown in the inset. (b) Monomolecular (top) and bimolecular (bottom)

decay rates of the charge carriers, extracted from the fit. The bimolecular recombination rate (bottom) changes faster with pressure than the monomolecular

recombination rate, with both changing slope after the phase transition at 325 MPa (dashed line). Black bars inside symbols represent the error from the fit.

(c) Fraction of charge carriers that decayed through the monomolecular channel and bimolecular channel.
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energy over different pressures (see Section S9 and Fig. S8 for

details, ESI†). Our data is consistent with no change in exciton

binding energy over the entire pressure range, even across the

phase transition, with an upper bound of a relative change of

26%. Such mild changes are unlikely to result in a 5-fold decrease

in charge carrier lifetime and a 2-fold increase in PLQY.

Conclusions

In conclusion, our results show that the prototype hybrid

perovskite MAPI has an indirect bandgap. This arises due to

distortion of the lead iodide framework, which leads to an

electric field across the Pb atom, splitting the conduction band

(Rashba splitting). The position of the indirect transition

60 meV below the direct transition is consistent with an

absorption spectrum that almost resembles a direct bandgap

semiconductor. At the same time, charges thermalized in the

conduction band are protected from recombination because

recombination requires a change in crystal momentum. Hence,

the slightly indirect bandgap explains the apparent contradiction

between the long charge carrier lifetime and diffusion length,

and the efficient absorption of perovskite semiconductors. Under

pressure, the electric field across the Pb atom is reduced,

increasing the relative strength of the direct transition, which

reduces the charge carrier lifetime and increases the radiative

efficiency. This tunability opens the path towards new, rational

material and structural developments of perovskite semiconductors

with engineered band structure. These materials could be even

better suited for solar cells with a higher photovoltage, highly

efficient LEDs, and lasers with low lasing threshold.

Experimental methods

Methylammonium lead iodide (MAPI) thin films were prepared

via solution-based methods, including spincoating, spincoating in

combination with antisolvent precipitation and a dipping method.

All chemicals were purchased from Sigma-Aldrich and used as

received. Fused silica glass substrates were sonicated with detergent

Micro 90, deionized water, acetone, and isopropanol sequentially for

10 min and oxygen plasma treated at 100 W for 15 min.

For the data shown in the main text we use spincoating in

combination with antisolvent precipitation following ref. 49.

1.2 g of PbI2 was first mixed with 2 mL of anhydrous N,N-

dimethylformamide (DMF) and heated to 100 1C while stirring.

After PbI2 was fully dissolved, 0.4 g of methylammonium iodide

(MAI) was added to the solution. The solution was kept stirring

at 100 1C until MAI was completely dissolved. For the formation

of thin films, 100 mL of solution was deposited onto the glass

substrates by spin-coating at 5000 rpm for 20 seconds. After

5 seconds of spinning, 100 mL of chlorobenzene was placed on

the sample for the anti-solvent treatment. The sample was then

transferred to a hotplate and annealed at 100 1C for 10 min. A

dark brown film was obtained. A SEM image of the film can be

found in Fig. S9 (ESI†).

A comparison of the experiments on films prepared by

alternative deposition methods is presented in the Section S8

(ESI†).

Hydrostatic pressure was generated through a pressurizing

liquid Fluorinert FC-72 (3M) inside a high pressure cell (ISS

Inc.) using a manual pump. The pressure was first applied from

ambient pressure to 400 MPa (pressure upstroke) and then

down from 400 MPa to ambient pressure (pressure down-

stroke), both in steps of 25 MPa. A 5–7 min waiting step after

application of pressure and before the measurement was

chosen to allow the material to equilibrate under pressure.

The pressure liquid FC-72 started to scatter a fraction of light

(B5%) from 300 MPa onwards (flat spectral response, see inset

Fig. S10, ESI†), which we corrected for in the absorbance

spectra (see below). The PL spectra and lifetimes were unaffected.

From the measurement-to-measurement variability we estimate

the upper limit on the error of the pressure reading (following the

5–7 min waiting step) to be 20 MPa.

Absorbance spectra of MAPI thin films were measured with

a LAMBDA 750 UV/Vis/NIR Spectrophotometer (Perkin Elmer)

from 550 nm to 850 nm. A correction of the absorption spectra

was done for all the spectra obtained above 300 MPa by

subtracting the background signal from scattering in the

liquid. The background was obtained from a fit in the region

of 820 nm to 850 nm where MAPI does not absorb.

Steady-state photoluminescence (PL) was measured with a

home-built setup equipped with a 640 nm continuous-wave

laser as source of excitation (PicoQuant LDH-D-C-640) at a

power output of 0.7 mW. The PL spectra were collected at an

angle of 451. Two Thorlabs FEL-700 highpass filters were used

to remove the excitation laser from the signal. The PL was coupled

in a fiber connected to a OceanOptics USB4000 spectrometer, set

to an integration time of 2000 ms for each measurement. The PL

spectra were fitted with either one or two Voigt profiles (see

Section S2, ESI†).

Time-correlated single photon counting (TCSPC) measure-

ments were performed with a home-built setup equipped with

PicoQuant PDL 828 ‘‘Sepia II’’ and a PicoQuant HydraHarp 400

multichannel picosecond event timer and TCSPC module. A

640 nm pulsed laser (PicoQuant LDH-D-C-640) with a repetition

rate of 5 MHz was used as source of excitation and a single-

photon avalanche diode (SPAD) detector (Micro Photon Devices,

MPD-5CTD) was used for the detection of photoemission. A

Thorlabs FEL-700 long-pass filter was used to remove the

excitation laser. The TCSPC data was collected over the course

of 60 seconds per measurement.

The photoluminescence quantum yield (PLQY) measurement

was performed with a home-built setup. A supercontinuum laser

(Fianium WL-SC-390-3) was fiber coupled into an acousto-optical

tunable filter (AOTF), which has a visible output for wavelengths

400–750 nm. A Mitutoyo objective focused the light on the

sample inside the integrating sphere. Light inside the integrating

sphere is monitored by the integrating sphere photodetector. The

incident intensity was controlled by the AOTF RF power. Thorlabs

PDA100 calibrated photodiodes were used as photodetectors. The

acousto-optical tunable filter (AOTF) output was modulated with
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a 50 percent duty cycle at 3 kHz. The absorption and photo-

luminescence measurements were done with Thorlabs FELH0650

and FESH0650 long pass and short pass filters, and the excitation

wavelength was 600 nm.

First-principles materials modelling was employed to assess

the bulk response of the electronic structure to external pressure.

Calculations were performed within the Kohn–Sham Density

Functional Theory (DFT) formalism as implemented in VASP.50

Projector-augmented-wave core potentials were combined with a

kinetic energy cutoff of 600 eV for the plane wave basis set

describing the valence electrons including spin–orbit coupling.

A scalar-relativistic description of Pb[Xe] was used with the 5d

semi-core electrons included as valence. The phonon-stable

crystal structures reported previously51 were taken as the starting

point for a series of isobaric calculations with a stress tensor

ranging from 0 to 500 MPa. A positive bandgap deformation was

found (bandgap decrease with increasing pressure) in agreement

with initial calculations.31 No attempt was made to model the

phase change above 325 MPa, which would require sampling

changes in spatial and temporal structural disorder.

Corroborating work on the Rashba splitting of MAPI38 was

recently reported by Hutter et al. during review of this paper.
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