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Solar cells based on the organic-inorganic tri-hatle perovskite family of materials have
shown remarkable progress recently, offering the prspect of low-cost solar energy from
devices that are very simple to process. Fundamexitto understanding the operation of
these devices is the exciton binding energy, whittas proved both difficult to measure
directly and controversial. We demonstrate that byusing very high magnetic fields it is
possible to make an accurate and direct spectroscopgneasurement of the exciton binding
energy, which we find to be only 16 meV at low tengratures, over three times smaller
than has been previously assumed. In the room temgagure phase we show that the

binding energy falls to even smaller values of onlg few millielectronvolts, which explains
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their excellent device performance due to spontanas free carrier generation following
light absorption. Additionally, we determine the ecitonic reduced effective mass to be
0.104m (where m is the electron mass), significantly smaller thapreviously estimated
experimentally but in good agreement with recent daulations. Our work provides crucial
information about the photophysics of these materia, which will in turn allow improved

optoelectronic device operation and better understading of their electronic properties

Introduction

The recent rapid development of perovskite sollis cerevolutionizing the photovoltatic (PV)
research field, with the latest certified power\ension efficiencies reaching over 20%
Initially developed from the concept of the nanostured excitonic solar cell where there is no
requirement for long range charge or exciton diéns"®, it has now become clear that due to
the remarkable properties of the inorganic-orggeiovskite family of materials ABX
(A=CH3NHs"; B=PIf*; and X = Cl, I" and/or B¥) these cell§® are capable of operating in a
comparable configuration and with comparable pertorce to the best inorganic
semiconductors! **% where the solid absorber layer is sandwiched éetw- and p-type
charge selective contacts in a planar heterojunatimfiguratior’®. Despite this success
several fundamental properties of the organic tadtalide perovskites remain controversial and
poorly known. In particular the binding energytioé excitons (R*), bound electron-hole pairs
that are the primary photoexcited species creatéige absorption process, is vital to
understanding the way that the cells function. dperating mechanisms depend upon what
fraction of excitons dissociate in the bulk mateggving rise to free charge transport, or what

fraction need to be dissociated at heterojunctwattsin the cells. Knowledge of the true exciton
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binding energy is also crucial for interpreting sjpescopic measurements based on these
materials, such as time-resolved spectroscopy.eédior R* reported in the literature cover a
broad range from 2 to 55 m&V*’, with the larger values being initially adoptediangrowing
number of reports suggesting a wide range of loxakres>*’. In addition basic parameters such
as the effective masses of electrons and holeg@tsain to be directly measured in the
archetypical material C#llHsPbk. A number of calculations of the band structurénm

d*'81%and these suggest that the

literature are able to reproduce the observed gap
conduction and valence bands are essentially jsiotamd symmetricit*®*? A direct
measurement of the exciton binding energy and &femasses is therefore crucial for our
current understanding and for future developmerhigfremarkable class of materials.

In this work we describe the use of very high figiter-band magneto-absorption studies which
allow us, unlike previous PhotoLuminescence measents°, to make an accurate study of the
family of free exciton states, which are the refeéwexcitations created in PV devices. In the low
temperature orthorhombic phase we establish biea¢xciton binding energy is only 16 meV,
which is significantly smaller than has been prasilg assumed. We also investigate the room
temperature tetragonal phase, which occurs abod&'18° where we find the striking result
that the binding energy falls to only a few miléetron volts. Our measurements give an
accurate and independent value for the reducedteemass and in addition, show that the
essentially symmetric and isotropic conduction eal@énce bands of the organic-inorganic lead

tri-halide perovskites makes them model semicoradadb demonstrate the optical properties of

excitons in a high magnetic field.
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Magnetic field dependent optical absorption.In Fig. 1 we summarize the results of
transmission measurements of a ~300-nm thick patyaline film of CHNH3Pbk, deposited
directly on a glass substrate, measured at 2 Kaignetic fields of up to 65 T in the Faraday
configuration using a long (500ms) pulsed field metg Close to the band edge (~1.6 eV), the
spectra are dominated by the hydrogen-like exa@tates and at higher energies the free carrier
behaviour of the conduction and valence bands gigsego a series of interband transitions

between the van Hove singularities at the bottoth@fLandau levels with energies given by:

E(B) = Eg+ (N +1/p)hwc + 1/) geppusB,
where g is the energy gap, N=0,1,2,3.. is the Landau quamumberw. = eB/m*, B is the
applied magnetic field, e is the elementary chamgeis the reduced effective mass of the
exciton given by, 1/m*=1/m#1/m*,, where maand m are the electron and hole effective
masses respectivelysigs the effective g-factor for the Zeeman splittingdys is the Bohr
magneton. In the present case we use unpolargetsio that the last term is ignored. In contrast
to the early magneto-optical studies on this maléri our spectra show a clearly resolved 1s
exciton at 1.64 eV, which has a large diamagnéiit, significantly larger than the peak width
and larger than the values observed previd@iSly In addition, the spectra we show in Fig. 1
demonstrate several important new features aseliei$ increased. By 65T there is a clear
sequence of 5 well-resolved Landau level transsthich develop in magnetic fields above
30T. Furthermore, a small shoulder develops oritje energy side of the 1s exciton peak
which we identify as the 2s exciton absorption.e Bppearance of the Landau levels and the 2s
exciton state can be seen more clearly by takiagdtio of the high field spectra to zero field as
shown in Fig. 1b and 1c, where the resonant abisogppbecome minima in the ratio of

transmission. This shows that the 2s state islglesible as a weak but gradually growing
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absorption in the range 10 - 35 T. Above 20 E@ad absorption grows much more rapidly
which we attribute to a combination of the 2p exciand the first of the free-electron inter-band
Landau level transitions. The 2p exciton transii®forbidden at zero magnetic field but
becomes allowed at high fields due to the re-canstin of the hydrogenic energy levels which
occurs once the cyclotron energy exceeds the exbitaling energylio. > R*) %*. At high

fields the conventional atomic quantum numbers)(@e no longer valid and this state is
renamed as (1,0) corresponding to the strongestdsiate associated with the N=1 Landau

level.
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Figure 1| Magnetic field dependence of the optical density fdhe perovskite CH;NH3Pbk

(a) A sequence of optical density (Log(1/transnois)i spectra measured during a single pulse
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of the magnetic field. To improve the resolutiorsafaller field dependent features (b) and (c)
show sequences of ratios of the transmission imetagfield T(B) to that measured at zero field
T(0), where the resonant absorption features qooresto minima. For easier comparison
spectra are offset. The feature highlighted a® 2¥ is a band edge absorption from a

previously undetected higher energy band edge dhbdermhe subject of a future publication.

The separation between the sequence of Landats lergdble directly in the absorption spectrum
at 65T immediately allows us to estimate the redwaféective mass to be m*0.1 m, to within

a few per cent accuracy, while the separation®fithand 2s states at low field (15 meV at 10 T)
allows us to estimate an excitonic binding eneRy}y,of order 20 meV, which is consistent with
the conditionhw. > R* for fields above 14T in agreement with ouelpninary analysis of fig.

1b. We will present a more detailed fitting to tb# family of transitions below, which allows

us to deduce a precise value of R* being2lheV. The values for the effective mass are in
good agreement with recent calculatityrtéand somewhat smaller than previous experimental
estimates. The excitonic binding energy is muchlleménan the early spectroscopic values of
30-50 meV although in good agreement with a regeraticulated theoretical value which takes

into account the frequency dependent refractivexnaf the perovskite.

Magneto-optical analysis. We now perform a full fitting, where we also inctudata taken up

to 150T using a fast pulse single turn magnetid fsystem at a fixed photon energy. In order to
extract accurate values for the effective masseaedon binding energy from the magnetic field
dependence of the transition energies it is impbt@use full numerical calculations for the

magnetic field dependent transitions as the datarc@wide range from the low to the high
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magnetic field limits and no analytical solutionstg for the hydrogen atom in a high magnetic
field. To do this we use the values calculated akatio and Magiff which scale the most
strongly bound excitonic energy levelsdy) by the use of the dimensionless parameter
y=ho/2R*. This allows us to fit the complete range adgnetic field values. In addition to the
excitonic transitions, the higher energy transiiane knowff to become dominated by simple
interband transitions between free carrier Lanéaels as described above. Fig. 2 shows the
full fan diagram of measured transition energiegether with the calculated transition energies
for the excitonic and free electron transitions arsthematic of the optically allowed transitions
observed. The values for the effective mass andaxbinding energy are then adjusted to
globally fit the data. In practice the two parametare dominated by very different parts of the

data set and are not strongly interdependent.
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Figure 2 Energy ‘Fan’ diagrams. (a) Full fan using data from long pulse fixed fiejokstra

(black circles) and fixed energy fast field sweepadred stars). The calculated transition
energies are shown for the free electron and leelkeld (solid lines) and the excitonic transitions
(dashed lines). Inset to (a) lower fields measwsdg fixed field spectra. (b) shows a schematic
of the energy levels and transitions between the éectron and hole levels (solid lines) and the

excitonic transitions (dashed lines).

The observation of the 2s transition places stiorgstraints upon the exciton binding energy,
while the slope and separation of the high fielghlguantum number Landau levels strongly
constrain the reduced effective mass value. Fudbefirmation of the exciton binding energy
comes from our simultaneous fitting of the diamagnehift of the 1s state, as shown in the inset
to Fig. 2a, where the binding energy is now alsongfly constrained by the accurately
determined effective mass. We conclude that tleg@ic transitions dominate for the N=0
landau level (1s, 2s) and the N=1 (1,0) level up36T, and free electrons dominate for N=1
above 50T and for all higher Landau levels. Initiermediate region a weak splitting of the
N=1 level can just be detected where both transtare occurring. This clear demonstration of
the interchange between excitonic and interbareldegrier transitions is usually masked in
more conventional semiconductors by complicaticiesipht about by additional degeneracies,
such as the light and heavy holes present in ItiFW-VI material$>**and is an illustration that
in addition to their potential in applications, thiganic-inorganic metal tri-halide perovskites
can also act as excellent model semiconductoriurtAer interesting observation from the fan
charts in Fig. 2 is that the Landau level sepanatire not significantly decreasing at higher

energies (and in a related observation the Lanelal fans show good linearity). This suggests
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that the approximation of a constant effective magmod for a wide range of band energies and
non-parabolicity effects are relatively small comgghwith some predictioA’s

The value deduced for the effective mass of m*6&t0.003 m is remarkably close to
that of 0.099 mpredicted recently by Menendez et‘alvho have adjusted the amount of
exchange coupling in order to match the experinligntzeasured values of the band gap, and
Umari et at®, who find 0.11 me. We find the exciton bindingrgy (R*) to be 162 meV, in
contrast to the earlier values of 37 to 50 meV regabin** '3 also determined at 4K, which
were deduced by fitting only the 1s state withautralependent measurement of the effective
mass and using only a low magnetic field approxiomeand with much poorer experimental
resolution. Our value here is also strongly supgablly the extrapolation of the free electron
transitions to zero magnetic field, which fixes gheitonic continuum.

Several author§™" have pointed out that using lower mass valuesrt@) and
depending on whether the low € 25.7) or highd = 5.6) frequency dielectric constant is
used® #*the conventional Wannier-Mott Hydrogenic modelegiwalues for the excitonic
binding energy (R*=m*&2h%?) anywhere from 2 -50 meV. In practice the excivimding
energies are comparable to several of the phonategiand so it is likely that the appropriate
dielectric constant at the equivalent frequency melintermediate between the low and high
frequency limits as discussed by Huang and Lamibféébr CsSnX perovskites. Our values of
R* and m* suggest a value af~ 9 assuming the hydrogenic model. In fact Even &t lzave
recently argued from fitting the lineshape of the temperature absorption that the exciton
binding energy should be on the order of 15 me\d, that as a result of the new rotational
motion of the CHNH3" cations in the high temperature phase there &lditional contribution

to the dielectric screening which makes the exdtimiling energy fall discontinuously to 5 meV

(9]



at the transition to the high temperature phaseevtie photovoltaic cells operate. In a similar
analysis of the temperature dependent absorptiamada et af conclude that the exciton

binding energy decreases continuously from 30 meMK to 6 meV at 300K.

High Temperature Phase A significant complication in understanding tiend structure of

the organic-inorganic lead tri-halide perovskit¢hie presence of structural phase transitions
from cubic (T>350K) to tetragonal (T>145K) to orthombic (low T) which result in changes in
band structure and band gap. The tetragonal (room temperature) and orthorliomiases
have similar band structures, with almost symmeinid isotropic direct band gaps at Ithe

point, with the band gap increasing by ~100 methatphase transition to the orthorhombic
phasé"'* %27 although the magnitude of the band gap chandefisndent on the growth
proces$ *® Although the band structures are very similargghase transition may be expected
to produce significant changes in the phonon atrecind consequently may significantly affect

the dielectric constant and hence the exciton hondnergy as discussed above.

In Fig. 3, we extend the interband magneto-opspaictra up to 150T using a fast pulse single
turn magnetic field system, which shows the magrfetld dependent transmission for a series
of temperatures at a fixed photon energy. Fromdata it is very easy to observe the influence
of the lower temperature phase change. Two str@mgmission minima can be observed in the
low temperature data which begin to move toward&tdield values as the temperature
increases. This is because the perovskite banihgesased® with increasing temperature,

causing the interband magneto-optical transitidressfexed energy to shift towards lower

[10]



magnetic field values. Above 140K there is a sudd@nd shift upwards of the resonance fields
caused by the structural phase transition to thle tamperature tetragonal phase, which has a
lower band gap. We then repeat the magneto-ogtiady in this tetragonal phase using the fast
pulse system as we show in fig. 3b. At these teatpegs, significantly fewer resonances are
resolved, but it is still possible to observe saldifferent inter-Landau level transitions andit
possible to construct a good fan diagram(fig. 4lhjs shows that the effective mass is
essentially the same (m*=0.183L005 m3) as at low temperature in the orthorhombic phase,

although the band gap is slightly (~50 meV) smahean at 2K.

(a)

1.771 eV 7(b)

0 0
= =
= =
: o
& s
r =
5 S
? @
E &
c o
© ] ©
= -

155 —

180 K i

Y

210

0 40 80 120 0 40 80 120

B(T) B(T)
Figure 3 Single turn coil results. Plots of the magneto-transmission measured usisiggie
turn fast pulse magnetic field, with schematicted experimental system. For better comparison
spectra are offset. (a) shows the temperature depee with the arrows indicating the position
of the N=1 inter Landau level transition. The insftows a schematic of the single turn
experimental system showing the coil and its firmigouit, the sample and the optical fiber
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illumination and collection system. (b) shows thransmission spectra in the tetragonal
(intermediate temperature) phase with spectra medstor different wavelengths in the
temperature range 155 — 190 K. The linked arromansthe positions of the N=1 and N=2

transitions.

We show the optical density spectra taken in the loulse system in Fig. 4a, which shows that
the 1s exciton has considerably more broadeningaaradresult it is much harder to make an
accurate analysis of the diamagnetic shift of thérdnsition energy, in comparison to that of the
lower temperature phase. The exciton binding enisrgyore difficult to fit precisely because the
absolute energy of the 1s exciton state is legaioesind would need to be fitted with a
knowledge of the scattering processes and thedtligléunction. A detailed examination of the
1s exciton absorption spectra, as in fig. 4a, shibatsthere is an anomalous behavior in which
the transition becomes much more resolved at higtagmnetic fields and actually moves down
in energy at first (dashed line, fig. 4a). Both thcrease in intensity and the reduction in
transition energy with increasing field suggest tha exciton binding energy is increasing with
the magnetic field. We attribute this to a decreasielectric constant resulting from the

additional magnetic binding of the exciton.

Using only the high field (B>50 T) spectra whem@ndau levels can be observed and the 1s
exciton peak is well formed, we estimate a bindingrgy on the order of 10-12 m&vhigh
magnetic fields. We extrapolate the high energy free carrier laani@vels to a band edge energy
very close to the apparent 1s exciton peak at Bri@wallows us to conclude that the exciton
binding energy is much smaller at zero magnetid fi@ith a value less than our measurement

uncertainty of a few meV. This strongly suppohis suggestion by Even et%4ihat the binding
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energy is reduced to values of order 5 meV abog@liase transition to the orthorhombic phase
and the recent analysis of Yamada €f #hat there is a decrease to around 6meV at room

temperature.

The overall picture is that there is a criticallapke of the exciton binding energy as a function
of both increasing temperature and decreasing niadgredd. As the temperature increases any
fall in binding energy decreases the frequency afion of the electron and hole bound in the
exciton leading to increased contributions to tiededtric constant from the many phonon
modes and molecular rotations present in theserialaterhe fall in binding energy leads to a
further increase in dielectric constant and thelinig energy collapses to a value close to that
predicted by using the low frequency dielectricstant, giving a value of a few meV. When a
magnetic field is applied the process is partlyersed due to the additional cyclotron motion
which increases the binding energies. Similarly ewiton binding energies due to a frequency
dependent dielectric constant have been predftiedthe CsSnX (X = I, Br, Cl) perovskite
halide semiconductors which have very similar band crystal structures to the organic-
inorganic lead tri-halide perovskites studied hereyiously leading to significant experimental
controversy®? An immediate consequence of the temperature aghstic field dependence
of the exciton binding energy is that the interatiein of the earlier literature measurements as
giving an exciton binding energy of 30-50 meV, whare based on the assumption of a constant
binding energy as a function of magnetic fifld>or temperatur&", will be invalidated. Hence,
our measurements show that the exciton bindingggeare much smaller than previously

concluded and explain why the properties of theoiginorganic perovskites in the room

[13]



temperature phase will be dominated by free cabediavior as suggested by more recent time

resolved studid$?%-2°27:30:31
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dashed line showing the anomalous behavior of shextiton transition.b) fan diagram. (c)
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transition.

We also show in Fig. 4 the temperature dependehite anagnetic field position of the N=1

Landau level resonance, compared with the temperdeependence of the band gap as deduced
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from the film absorption. The sudden shift in resmace position of 63T at the phase transition
temperature can be shown to be equivalent to agehianband gap of 105 meV from the slope of
the N=1 resonance (1.67 meV/T), consistent withlB@ meV change in band gap deduced from
absorption. This confirms that the magneto-spectiog is measuring the same fundamental

band structure as the optical absorption.

Conclusions

Our basic conclusion is that the excitonic bindamgrgy in the low temperature phase of the
organic-inorganic perovskite, GNHsPbk is much smaller (1& 2 meV) than has previously
been estimated and is comparable to conventiolR®l semiconductors with a similar band

gap>. Our measurements in the room temperature phagestthat there is a critical collapse
of the exciton binding energies at higher tempeestas has been predicted by Even & aue

to the frequency dependent dielectric constantrd®yn temperature the appropriate binding
energy will be only a few milli-electron-volts atite photovoltaic device performance is
essentially a free carrier phenomenon. This resuitlusively shows that the very impressive
performance of PV devices using this matériatan be attributed to the spontaneous generation
of free electrons and holes following photo-absorptthereby also resolving the apparent
contradiction between initial reports of sizeabtein binding energy values (30-50 meV) and
recent reports of free carrier behavidt’?°2>3%32 The reason for the difference between our
observations and previous estimates of the binelireggy is primarily the combination of higher
quality, much more crystalline films, and the u$e@eary high magnetic fields. This has enabled
us to measure multiple excitonic transitions whatdbw precise spectroscopic measurements, in

contrast to previous works which have relied exgklg on measuring the 1s exciton and require
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assumptions to be made about the dielectric conataheffective mass&s® !’ The effective
mass values of ~0.14rwhich we have determined, are in good agreemghtrecent

calculations**#1*#¥put are also significantly lower than the earéigperimental estimaté$*?

Methods

Sample preparation The glass substrates were cleaned sequentidiiglimanex, acetone,
isopropanol and gpblasma. The polycrystalline GNHsPbk perovskite films were deposited in
a nitrogen-filled glovebox following the interdiion preparation methods described
previously. In brief, a Philayer was first deposited on cleaned glass by-spiiing
(speed/ramp = 6000rpm/6000 rpm/s, time = 35s) fagmnecursor solution of Pkih DMF with
concentration of 450 mg/ml, followed by drying & T for 5 min. Then the MAI layer was
deposited on dried Phililm by spin-coating (speed/ramp = 6000rpm/600@/ig time = 35s)
from a precursor solution of MAh isopropanol with concentration of 50 mg/ml, évlled by
annealing at 100°C for 1 hour. The perovskite filnese sealed by spin-coating a layer of the
insulating polymer poly(methyl methacrylate) (PMME) mg/ml, speed/ramp = 1000rpm/1000

rpm/s, time = 60s) on top in order to ensure ad-@aisture-insensitivity.

Magneto-optical measurementsThe measurements have been performed using 7037 lon
duration and 150T short duration pulsed magnetisarhigh magnetic field laboratory in
Toulouse. For the long pulsed measurements (~506uration) the sample was immersed in
liquid or gaseous helium in a cryostat. A tungstatogen lamp was used to provide broad

spectrum in the visible and near infra-red rande dbsorption was measured in the Faraday
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configuration in which k, the wave propagation wees parallel to the magnetic field B. A
nitrogen cooled CCD array coupled to a spectronatiected the light transmitted through the
sample. The exposure time was 3 ms in order td liamations in the magnetic field during
acquisition. Thirty spectra were taken during al A&hot of the magnetic field. The magnetic
field was measured using a calibrated pick-up @dilspectra were normalized to both the
incident intensity and by the zero field transnossio produce absolute and differential
transmission spectra. For the short duratiopglPulsed measurements a series of diode and
Ti-Sapphire laser lines was sent through and deltefrom the sample using fiber optics and
detected using a fast (LOOMHz) silicon detector kigti speed digital oscilloscofeThe

sample was mounted inside a non-conducting heliam ¢ryostat and was cooled separately for
each measurement. The magnetic fields were gexogta semi-destructive single turn coil

system using 10mm coifs**
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