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Abstract 

Femtosecond carrier cooling in the organohalide perovskite semiconductor CH3NH3PbI3 is measured 

using extreme ultraviolet (XUV) and optical transient absorption spectroscopy.  XUV absorption between 

44 eV and 58 eV measures transitions from the I 4d core to the valence and conduction bands and gives 

distinct signals for hole and electron dynamics. The core-to-valence-band signal directly maps the 

photoexcited hole distribution and provides a quantitative measurement of the hole temperature.  The 

combination of XUV and optical probes reveals that upon excitation at 400 nm, the initial hole 

distribution is 3.5 times hotter than the electron distribution.  At an initial carrier density of 1.4×1020 cm-3 

both carriers are subject to a hot phonon bottleneck, but at 4.2×1019 cm-3 the holes cool to less than 1000 

K within 400 fs.  This result places significant constraints on the use of organohalide perovskites in hot-

carrier photovoltaics. 

 

 

Introduction 

 Lead halide perovskites such as CH3NH3PbI3 show significant promise for use in next generation 

photovoltaics1–4 and other opto-electronic applications.5–7 Underlying their success is a direct band gap 

that can be synthetically tuned for optimal performance and simple solution-based fabrication. One of the 

most transformative possibilities envisioned for these semiconductors is their use in hot-carrier solar 

cells.8,9 Traditional photovoltaics are limited to a maximum theoretical efficiency of 34% due in part to 

rapid carrier cooling: while a semiconductor with a small band gap can absorb most of the solar spectrum, 
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the excess energy of short-wavelength photons is rapidly lost to heat. If this transfer of energy from the 

carriers to the lattice is slow, hot carriers can be collected at higher voltages. Such devices could be up to 

66% efficient,10 almost doubling the standard performance limit. 

 A series of reports show intriguingly slow carrier cooling rates in lead halide perovskites above a 

photoinduced carrier density of ~1018 cm-3. Optical transient absorption spectroscopy, which reports on 

the joint distribution of the electrons and holes, revealed cooling times of ~10 ps.11–14 Two-photon 

photoemission directly measures the energy distribution of electrons in the conduction band, and was 

used to observe a population of hot electrons that lasted for ~100 ps.15 Time-resolved ARPES can 

measure photoexcited hole distributions16 but has not yet been applied to these materials.  It is therefore is 

unclear whether the holes cool slowly and are amenable to hot-carrier collection.  While hot electron and 

hole transfer to molecular layers has been reported at femtosecond timescales,17,18 perovskite 

photovoltaics that take advantage of the hot phonon bottleneck have not been reported. 

 In this work, we use transient extreme ultraviolet (XUV) spectroscopy and optical transient 

absorption to reveal that the initial distribution of energy between the electrons and holes is unequal and 

that they cool to the band edges at different rates. While optical transient absorption measures transitions 

from the valence band to the conduction band, XUV transient absorption measures transitions from 

atomic core levels to the conduction band and to valence band holes. The XUV probe therefore provides 

unique spectroscopic signatures for the photoexcited electrons and holes, and has been used to measure 

carrier relaxation in semiconductors such as Si, Ge, and PbI2 at femtosecond to attosecond timescales.19–22 

By combining the two probes, we quantitatively measure the distinct temperature and cooling mechanism 

of each carrier and show that holes begin with an average energy 3.5 times higher than the electrons. 

However, they cool rapidly to the band edge and are not subject to a hot phonon bottleneck until very 

high carrier density.  
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 In both the high-power and low-power experiments (Figure 2A and 2B), the hole signal from 45.0 

to 48.5 eV narrows and decays over time. Figure 2D zooms in on this feature for the low-power data set. 

At 100 fs after photoexcitation the signal is broad and asymmetric, with a tail at low energy that extends 

below 46 eV. By 400 fs, the spectrum has narrowed and sharpened to a symmetric Voigt lineshape. 

Between 400 fs and 1000 fs, this spectrum decreases in height and blueshifts by 0.1 eV.  These spectra are 

analyzed using the straightforward model in Figure 2E, in which the energy distribution of the hole is the 

product of the valence band density of states (modeled as a parabolic band12–14) and a Fermi function that 

describes the hole temperature and population. The electrons and holes each achieve well-defined thermal 

distributions within 80 fs after excitation,11 and can thereafter each be described with a Fermi 

temperature.  The XUV absorption spectrum is the convolution of this distribution with the Gaussian 

spectrometer resolution of 0.5 eV and Lorentzian core-hole lifetime broadening of 0.45 eV. The area of 

the peak measures the population of holes, while the asymmetry measures their temperature. Given the 

experimental signal-to-noise and peak broadening, temperatures as low as 1000 K can be measured.  

 While this model fits the spectra well and is intuitively appealing, it is not obvious that there 

should be a 1:1 correspondence between the strength of the absorption and the hole population.  For 

example, there could be a larger transition dipole moment for the core-to-VB transition at the band edge 

compared to deep in the band, as was recently observed in XUV transient absorption of Si.20 We show 

that such effects in CH3NH3PbI3 are minimal by measuring the area of the hole feature as a function of 

time for two pump fluences, and comparing the resulting dynamics to known carrier recombination rates 

(Figure 3).24 At an initial carrier density of 1.4×1020 cm-3, the area drops by half in 2 ps due to Auger 

recombination, followed by a slow decay on the tens-of-ps timescale. With 4.2×1019 cm-3 initial carriers, 

only the slow decay component is observed. Carrier recombination in CH3NH3PbI3 proceeds via first-

order (trap-assisted), second-order (non-geminate), and third-order (Auger) pathways, and rate constants 

for each pathway have been previously measured using optical transient absorption.13 Using those 

reported rate constants and the known initial carrier densities, both the high- and low-power XUV data 

sets are simultaneously fit using a single adjustable parameter, namely the absorption cross section per 
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3000K at 3 ps.  Given this independent measurement of the hole temperature, the optically-measured 

temperature is assigned to the electron.  At a carrier density of 1.4×1020 cm-3, therefore, holes are 

significantly hotter than electrons but both carriers are subject to a hot-phonon bottleneck and cool 

slowly.  As discussed in the Supporting Information, the cooling curves can be fit to give LO phonon 

lifetimes of 0.5 ± 0.1 ps for the XUV probe and 0.6 ± 0.3 ps for the optical probe. These time constants 

are in good agreement with the lifetime of 0.6 ps measured using optical transient absorption by Fu et 

al.12 

 At an initial carrier density of 4.2×1019 cm-3, however, the cooling behavior measured by the two 

techniques are drastically different (Figure 4B). The optically-measured temperature follows a similar 

slow cooling curve as the high-power data in Figure 4A, and gives an LO phonon lifetime of 0.8 ± 0.2 ps. 

However, the XUV-measured hole temperature drops from 4500K to the 1000K detection limit in less 

than 400 fs.  This rapid cooling is not consistent with a hot-phonon bottleneck, indicating that the 

electrons and holes must cool via distinct carrier-phonon interactions.  The hole cooling is therefore fit 

using a Fröhlich carrier-phonon scattering model that depends on the hole-phonon scattering time τh-LO 

and a characteristic LO frequency ߱௅ை: 

 

 
݀ ௛ܶ

ݐ݀
ൌ െ

2
3݇஻

݄߱௅ை

߬௛ି௅ை
൤exp ൬

െ݄߱௅ை

݇஻ ௛ܶ
൰ െ exp ൬

െ݄߱௅ை

݇஻ ௅ܶ
൰൨ 

(1) 

 

Th is the hole temperature, TL is the lattice temperature, and kB is the Boltzmann constant.  Previous 

optical transient absorption spectroscopy at a wavelength sensitive to both electrons and holes using sub-

10 fs pulses identified two phonon frequencies of 14 ± 1 meV and 29 ± 2 meV that were coupled to 

carrier relaxation,27 and nonadiabatic molecular dynamics calculations found that hot holes couple 

preferentially phonons in the 25-40 meV range.28 Using the phonon frequency of 29 meV, the 

characteristic hole-phonon scattering time τh-LO is fit as 8.0 ± 2.7 fs.  As discussed in the Supporting 

Information, this is consistent with the predicted effective scattering rate of 8.5 fs calculated for carrier-

dipole interactions in a polar semiconductor. 
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Discussion 

 Two major conclusions are apparent from the combination of XUV and optical transient 

absorption spectroscopy presented above.  First, the initial temperature of the holes is significantly hotter 

than that of the electrons. This preference for hot holes was predicted in one of the first optical transient 

absorption studies of CH3NH3PbI3, which proposed that photoexcitation below 480 nm induces 

absorption from deep in the valence band to the conduction band edge.1 This prediction was later 

supported theoretically by band-resolved optical constant analysis29 and by DFT calculations of the 

valence and conduction band density of states in conjunction with non-adiabatic quantum dynamics.30    

Other theoretical treatments have predicted roughly equal initial carrier temperatures, with the primary 

contribution to the absorption spectrum coming from transitions between the highest valence band and the 

lowest conduction band along the R to M branch.31–33 By selectively measuring the hole temperature 

using XUV transient absorption, we experimentally and quantitatively confirm the hot-hole, cold-electron 

predictions.  We note that for this asymmetric temperature distribution to persist over time the holes must 

be screened from the electrons, presumably by polaron formation.34–37  This screening is consistent with 

the long recombination times observed in these materials.38  This result also resolves an enduring puzzle 

in the published carrier temperatures, in which the reported carrier temperature is not consistent with the 

excess energy from above-bandgap excitation.  CH3NH3PbI3 has a band gap of 1.65 eV, so 

photoexcitation at 400 nm (3.1 eV) should leave a total of 1.45 eV of excess energy between the electrons 

and holes.  Many optical transient absorption experiments report initial temperatures of ~2000 K after 400 

nm excitation,12–14 and frequently report this number as an average carrier temperature.  Under the 

simplifying assumption of parabolic bands, this gives an average excess energy per carrier of 0.3 eV for a 

total of 0.6 eV, far below the expected value.  The current measurement using the combination of XUV 

and optical probes gives average excess energies of 0.9 eV for the holes and 0.3 eV for the electrons.  

This adds up to a total of 1.2 eV, very close to the expected total of 1.45 eV.  Rapid carrier cooling within 

the 100 fs instrument response (before onset of the hot-phonon bottleneck) accounts for the final missing 

0.25 eV. 
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The second major conclusion from this work is that hole cooling can still be explained within the 

Fröhlich regime for carrier densities as high as 4.2×1019 cm-3, significantly higher than the 1018 cm-3 hot-

phonon bottleneck threshold commonly reported using optical transient absorption spectroscopy.12–14  As 

discussed above, optical transient absorption preferentially measures the colder carrier (in this case the 

electron), so the 1018 cm-3 threshold is now shown to be specific to the electron.  This difference between 

the electrons and holes can only be explained if the two carriers couple to different phonons, likely due to 

the difference in composition between the valence and conduction band. The conduction band is primarily 

derived from Pb 6p atomic orbitals, while the valence band has its greatest contribution from I 5p. 

Photoexcitation therefore distributes positive charge on the Pb sublattice and negative charge on the I 

sublattice, producing a non-uniform charge distribution and causing a unique phonon response for each 

carrier. This difference has been observed experimentally in CH3NH3PbBr3, in which transient hard x-ray 

spectroscopy showed that photoexcited electrons are delocalized between several Pb atoms but holes were 

likely localized on a single Br.39 A range of computational work supports this difference in delocalization, 

predicting the electron polaron to be larger than the hole polaron.35,37 The difference in size can be 

connected to the onset of the hot phonon bottleneck, which has been proposed to stem from spatial 

overlap of polarons above a critical carrier density. 35   A simple space-filling model argues that this onset 

occurs at 1018 cm-3 for electrons in CH3NH3PbI3, matching the optically-measured threshold. In the 

present work, we show that holes do not bottleneck until above 1019 cm-3. This threshold requires the hole 

polarons to be at least 50% smaller than the electron polarons. The charge localization for holes and 

electrons was recently predicted to be spatially distinct with the hole polaron being ~30% smaller than 

that of the electron.37 A simple model for the polaron size40 incorporating the difference in effective 

masses and the difference in phonon energy observed here also predicts the hole polaron to be ~30% 

smaller. These are consistent with the higher threshold for the hot-phonon bottleneck observed 

experimentally in the present work. 

From a device optimization perspective, these results impose strict limits on the use of 

CH3NH3PbI3 in hot-carrier photovoltaics. This class of materials has been widely proposed as a candidate 
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for such devices due to the low threshold for the hot-phonon bottleneck as measured by transient optical 

and photoelectron spectroscopy.  The results above show that not only do holes cool quickly even at high 

carrier concentrations, but ~3/4 of the initial excess energy from above-bandgap excitation is in the hot 

holes.  At any reasonable light intensity, only ~1/4 of the excess energy is deposited into the slow-cooling 

hot electrons, severely limiting the efficiency gains possible from collecting hot carriers. 

Synthetic modification of the perovskite structure may be able to reduce the negative properties 

found here and increase hot-carrier collection efficiency. High-harmonic sources are rapidly evolving, and 

the emergence of high repetition-rate, few-fs instruments will soon allow transient XUV spectroscopy to 

be performed at low carrier density. Combined with ultrafast optical and photoelectron probes and 

advances in theory, this will enable the carrier-specific cooling and phonon coupling to be measured, 

predicted, and potentially controlled. 
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Materials and Methods 

Spectroscopy 

XUV transient absorption was performed using an instrument that has been previously described in 

detail.21 Briefly, the 800 nm output of a 6 mJ, 35 fs, 1 kHz titanium:sapphire amplifier is split into probe 

and pump paths. 4 mJ is used to drive high-harmonic generation (HHG) to generate an XUV continuum 

with spectral coverage from 35 to 60 eV and < 35 fs pulses. The remaining 2 mJ is used as a visible pump 

by doubling to 400 nm (3.1 eV) and attenuating with neutral density filters to achieve the 4.2×1019 and 

1.4×1020 cm-3 excitation densities. HHG is performed in a semi-infinite gas-cell geometry using 50 Torr 

of argon gas as the generation medium. Absorption was measured in transmission geometry with 

dispersed detection onto an array CCD. Sample heating by the pump laser is minimized by flowing 

nitrogen gas over the samples and raster scanning the 2x2mm active area during data collection. 

Computation 

Density functional theory (DFT) calculations are performed using the VASP41,42 code using the PBE 

generalized-gradient approximation43 to describe exchange and correlation, and the PAW method to 

describe the electron-ion interaction.44  The calculated band gap is shifted to the experimental value of 

1.65 eV.  The complex and frequency-dependent dielectric function is calculated via solution of the 

Bethe-Salpeter equation (BSE) using the implementation in refs 45,46. This accounts for the electron-hole 

Coulomb attraction (i.e. core-hole exciton formation) upon XUV absorption. Electronic state energies 

from which the BSE is solved are obtained from density functional theory calculations, including spin-

orbit coupling.  Further details are given in the Supporting Information. 

Sample Preparation 

Methylammonium lead iodide perovskite (MAPbI3) samples were prepared by thermal evaporation of 

lead iodide (Sigma Aldrich, 99%) onto 50 nm thick Si3N4 membranes, followed by conversion to MAPbI3 

via heating the samples under vacuum in the presence of methylammonium iodide (Sigma Aldrich, 98%) 

powder at 155° C for 2.5 hours. Sample characterization via x-ray diffraction, scanning electron 

microscopy, and visible absorption is described in the Supporting Information. 
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8. Optical Transient Absorption Fitting Details 
 

Optical transient absorption data was measured in transmission mode and neglects contributions 
from changes in the refractive index.3  The transient spectra have contributions from band-filling 
and bandgap renormalization.  Following the approach of Yang et al.4, the band-filling 
component was fit using a Boltzmann distribution applied to a parabolic band model. The 
bandgap renormalization was fit to the expected E-1/2 dependence. 
 

,ܧሺܣ∆ ݊ሻ ൌ
ଵܣ
ܧ
ටܧ െ ௚ሺ݊ሻܧ ൈ exp ൬െ

ܧ െ ௙ܧ
2݇஻ ௖ܶ

൰ ൅ ଶܣ ൈ
1

ඥܧ െ ௚ሺ݊ሻܧ
 

ΔA is the pump-induced change in absorption as a function of energy (E) and carrier 
concentration (n).  A1 and A2 are the amplitudes of the band-filling and band gap renormalization 
components, Ef is the electron quasi-Fermi level, kB is the Boltzmann constant, Tc is the carrier 
Fermi temperature, and Eg is the band-gap energy. The fit solves for A1, A2, and Tc. Ef is 
approximated as Eg(n) and changes to Ef are accounted for in A1. The factor of two in the 
Boltzmann factor arises from the nearly equal effective masses in perovskite. The band-gap 
dependence on the carrier density due to band-gap renormalization was approximated using a n1/3 
dependence with a scale parameter (γ = 1.2×10-8 eV•cm) from the literature.1 
 

 
Figure S9: A) single energy kinetics for regions far from the band edges for the n0 = 4.2×1019 cm-3 XUV data, B) 
comparison of XUV-measured temperature with normalized single energy kinetics, C) comparison of optical transient 
absorption (OTA) measured temperature with single energy kinetics, D) the regions chosen for the “tails” on the 100 
fs spectrum. 
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11. Temperature vs Time Fitting Details 
 

The process for energy dissipation from hot carriers has several steps.5  Carriers first scatter with 
longitudinal optical (LO) phonons, then LO phonons decay to form daughter phonons, then the 
daughter phonon decay to randomize the energy as lattice heat. If the heat capacity of the carrier 
plasma is sufficiently lower than the heat capacity of the LO phonon modes that they couple to, 
then the simple Fröhlich model where the LO phonon modes are treated as a bath is applicable. 
Once the heat capacity of the carrier plasma increases sufficiently (due to more carriers being 
excited), this model is no longer valid and the hot-phonon bottleneck is present.  
 
The first step for modeling is a single bottleneck, where the carriers and LO phonons rapidly 
equilibrate and the shared temperature decays as the LO phonon population decays (the transfer 
between the plasma and the LO is fast compared to the decay of the LO). For sufficiently high 
occupation (high temperature), the occupation is directly proportional to the temperature and the 
decay of the temperature in the mode follows first order kinetics. Additionally, when there is 
sufficiently high carrier density that the recombination is Auger dominated, the Auger 
recombination adds heat back to the carrier plasma.  
 
 

݀ ௅ܶை

ݐ݀
ൌ െ ௅ܶை െ ௅ܶ

߬௅ை
൅
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3݇஻

ൈ ௚ܧ ൈ ߯௘,௛ ൈ ݇ଷ ൈ ݊ଶ 

 
TLO is the temperature of the LO phonon distribution (and thus the carriers due to the 
bottleneck). TL is the temperature of the lattice. t is time. τLO is the LO phonon lifetime. kB is the 
Boltzmann constant, Eg is the band-gap, k3 is the third order recombination rate constant, and n(t) 
is the time-dependent carrier density. χe,h is the Auger branching ratio. The 2/(3kB) term for the 
Auger derives from the heat capacity of the carrier plasma. This model fails to fit the data for 
both data sets (n0 = 1.4×1020 cm-3 and 4.2×1019 cm-3) because a second bottleneck (for the 
equilibrium between the LO mode and its daughter phonons) is present. The temperature is thus 
fit using coupled equations for the LO and daughter temperatures (the rate of transfer between 
the modes and decay of the daughter are comparable), below. 
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TA is the temperature of the acoustic (daughter) phonons. τA is the decay constant for the acoustic 
phonons. cLO and cA are the heat capacities of the LO and daughter phonons respectively. In this 
model, the adjustable fit parameters are the initial temperature (T0), the LO lifetime, the acoustic 
lifetime, and the ratio of heat capacities (cLO / cA). These values are shown in Table 1. The LO 
lifetimes are comparable to the value of ~0.6 ps reported in the literature,6 as are the acoustic 
lifetimes7 of ~4 ps. The deviation in lifetimes between the two initial fluences are likely due to 
the larger presence of Auger in the higher fluence data set. If the Auger branching ratio is 
uneven, then that will alter the kinetics in the fit. This branching ratio has not been measured, so 
values for equal (χh = 0.5) and completely electron-hole-hole dominated (χh = 1) were used in the 
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fit as reasonable bounds for the data. The values reported for the time constants in the main paper 
are the averages of the two extremes for each data set. 
 
Table 1:  Double bottleneck fit parameters for OTA data 
n0 (cm-3) χh T0 (K) τLO τA cLO/cA 
1.4 × 1020 0.5 2100 ± 100 0.2 ± 0.1 3.6 ± 0.3 0.1 ± 0.1 
4.2 × 1019 0.5 1900 ± 100 0.6 ± 0.1 1.0 ± 0.3 0.1 ± 0.1 
1.4 × 1020 1 2400 ± 100 0.9 ± 0.1 4.6 ± 0.3 0.8 ± 0.1 
4.2 × 1019 1 1900 ± 100 1.0 ± 0.1 5.8 ± 0.3 0.4 ± 0.1 
 
Using the same two-bottleneck model for the 1.4×1020 cm-3 XUV data gives the results present in 
Table 2. This was fit for the first 3 ps as the signal-to-noise ratio was not sufficient for later time 
data due to the fast recombination at this excitation density. This is responsible for the large error 
in the acoustic lifetime. 
 
Table 2:  Double bottleneck fit parameters for XUV data 
n0 (cm-3) χh T0 (K) τLO τA cLO/cA 
1.4 × 1020 0.5 7000 ± 600 0.5 ± 0.1 13 ± 70 0.2 ± 0.1 
1.4 × 1020 1 7300 ± 600 0.4 ± 0.1 14 ± 70 0.1 ± 0.1 
 
The XUV data at 4.2×1019 cm-3 is fit for the first 400 fs using the below-bottleneck Fröhlich 
model. In this model (equation below), there are two constraints and two fit parameters. 
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Th and TL are the hole temperature and the lattice temperature (this assumes that the LO phonon 
distribution has sufficiently high heat capacity to remain at the lattice temperature). TL is set at 
300 K for this model. ԰ is the reduced Planck constant, ωLO is the LO phonon (angular) 
frequency, and τh-LO is the characteristic scattering time between the holes and the phonons. In 
the main paper, ԰߱௅ை is set to 29 meV, but for completeness we include the 14 meV phonon fit 
here. The fit parameters are T0 (initial hole temperature) and τh-LO, with results shown in Table 3. 
 
Table 3:  Fröhlich model parameters for XUV data 
n0 (cm-3) ԰߱௅ை (meV) T0 (K) τh-LO (fs) 
4.2 × 1019 29 6000 ± 1000 8.0 ± 2.7 
4.2 × 1019 14 6000 ± 1000 2.3 ± 0.8 
 
This fit time constant may be compared to the results for the interaction of a charge and a dipole 
in a polar semiconductor.8 
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The rate constant can be estimated if the phonon frequency (߱௅ை), effective mass (݉∗), and static 
(ࣟ௦) and optical (ࣟஶ) dielectric constants are known. An effective mass of 0.29 m0 was used.9 A 
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range of dielectric constants have been computationally predicted and measured for 
CH3NH3PbI3.

10 From the range of experimental values, the time constant was calculated using 
the smallest difference (low static, 13, and high optical, 6.5) and greatest difference (high static, 
36.9, and low optical, 4). The average value of these two calculations gives an estimate of 8.5 fs 
for the 29 meV phonon, a good match to the fit value in Table 4. The same process was 
performed for the 14 meV phonon, resulting in 12.5 fs.  This prediction differs by a factor of five 
from the 2.3 fs fit value in Table 3.  The excellent match between the measured and predicted 
scattering times for the 29 meV phonon gives additional support to the computationally-
predicted claim that holes scatter preferentially with hot phonons,11 but experiments at lower 
pump fluence will be required to confirm this tentative assignment. 

12. Computational Details 
 

Density functional theory (DFT) calculations are performed using the VASP software.12,13 The 
projector augmented wave (PAW) scheme is used to describe electron-ion interaction and semi-
core I4d states are described as valence electrons. Exchange and correlation is calculated using 
the generalized-gradient approximation (GGA) by Perdew, Burke, and Ernzerhof (PBE).14 Spin-
orbit coupling is included in the calculation of electronic structure and optical response.15 A 
plane-wave cutoff energy of 750 eV is chosen to converge to total cell energy per atom below a 
threshold of 5 meV per atom. A 7×7×7 randomly shifted k-point mesh is used for computiong 
optical spectra using the DFT level of theory. Linear optical response is calculated by the 
Ehrenreich-Cohen formula for the temperature and frequency-dependent dielectric tensor 
 :ఈఉሺ߱ሻ.16 The imaginary component is given byߝ
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Where ߶௡௞ and ߳௡௞ are the Kohn-Sham eigen-states and energies at band n and wave vector k.  
Ω is the cell volume and ̂݌ఈ is the momentum operator in the α Cartesian direction. ௡݂௞ and 
ሺ1 െ ݂௡ᇲ௞ሻ are the quasi-Fermi distributions of an electronic state at band index n and wave 
vector k being occupied and a state at n’ and k being empty. For core-to-conduction band 
transitions n’ is a conduction band index and n is a core band index. For core-to-valence band 
transitions of semi-core-hole excitations, n’ is a partially filled valence band and n is a core band. 
The XUV cross section of holes was computed by integrating over the absorption coefficient of 
the transition from I 4d5/2 to a partially filled valence band, where the hole distribution was 
defined by a Fermi function.  The position of the quasi-Fermi hole energy of the excited holes is 
determined by solving the integral equation: 
 

݊௛ ൌ න ,ܧሻ݂௤௙ሺܧ௏஻ሺߩ ,௤௙௛ܧ ௛ܶሻ݀ܧ
ஶ

ିஶ
 

 
Here, ߩ௏஻ሺܧሻ is the density of states of the valence states, ݂௤௙is the quasi-Fermi distribution of 
the excited holes,	ܧ௤௙௛is the quasi-Fermi energy of the excited holes, and ௛ܶ	is the Fermi-
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