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Abstract17

Inorganic/organic hybrid systems offer great technological potential for18

novel solar cell design due to the combination of high charge carrier19

mobilities in the inorganic semiconductor with the chemical tuneabil-20

ity of organic chromophore absorption properties. While ZnO basically21

exhibits all necessary properties for a successful application in light-22

harvesting, it was clearly outpaced by TiO2 in terms of charge separation23

efficiency. The physical origin of this deficiency is still under debate.24

Here, we use a combination of femtosecond time-resolved photoelec-25

tron spectroscopy with many-body ab initio calculations to demonstrate26

that optical excitation of the chromophore is followed by (1) ultrafast27

electron transfer into the ZnO bulk (350 fs), (2) electron relaxation,28

and (3) delayed (100 ps) recapture of the electrons at a 1 nm dis-29

tance from the interface in (4) a strongly bound (0.7 eV) hybrid30

exciton state with a lifetime exceeding 5 µs that is analysed by taking31

into account pump-probe delay-dependent photostationary population32
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dynamics. Beyond this identification and quantification of all elemen-33

tary steps leading to the suppression of charge separation at ZnO34

interfaces, our key finding is the substantially delayed hybrid exciton for-35

mation. It opens up a sufficiently large time window for counter-measures36

with the potential to finally successfully implement ZnO in light-37

harvesting or optoelectronic devices without significant efficiency losses.38

Keywords: hybrid system, excitons, charge transfer, ultrafast39

Driven by the rising demand for renewable energies, tremendous efforts are40

made to find cost-effective alternatives for silicon solar cells [1]. Hybrid systems41

consisting of molecules with strong absorbance of sun light and semiconduc-42

tors with high charge carrier mobilities promise to be a solution, for example43

Grätzel-type solar cells [2]. TiO2 is the most commonly used semiconductor,44

but ZnO is a very widely investigated alternative [2, 3] and actually even45

expected to perform better due to its higher electron mobility and ease of46

nanostructure fabrication [3]. However, the charge conversion efficiencies of47

ZnO-based systems are still lower than those using TiO2. Nevertheless, con-48

siderable progress was achieved recently by doping and core-shell structures49

combining ZnO with TiO2 [2].50

Despite extensive efforts, the origin of the lower charge conversion efficiency51

of ZnO is still under debate [4]. While, depending on the chromophore, the52

photoinjection of electrons into TiO2 can occur in the sub-ps time domain [2],53

the injection into ZnO is reported to be delayed and to occur in a two-step54

process of several hundreds of femtoseconds and few to hundreds of picosec-55

onds [5]. This allows for electron-hole recombination before charge separation56

occurs, leading to losses in the solar cell performance [6]. For decades, several57

options are discussed to explain this difference: (i) the lower density of conduc-58

tion band states in ZnO compared to TiO2 [7], (ii) long-lived molecular [8] or59

interfacial trap states [5], which both depend on the molecules used, and (iii)60

hybrid charge transfer excitons or hybrid excitons (HX) for short, i.e. interfa-61

cial electron-hole pairs with the electron in the inorganic and the hole in the62

organic layer, which trap the charges at the interface. In the latter case, the63

binding forces should be much stronger for ZnO due to the lower dielectric con-64

stant compared to TiO2 (ϵZnO = 8, ϵTiO2 = 80 [2]). Many authors favour this65

scenario to explain the ultrashort dynamics on fs to few ps time scales [4, 9–66

12]. However, systematic variation of molecule length and, thus, the position67

of the photohole with respect to the interface, shows no dominant effect on68

the ultrafast dynamics [5].69

HX at ZnO/organic interfaces were indirectly observed in electrolumines-70

cence studies that show light emission matching the energy difference of the71

ZnO CB and the HOMO of the molecule minus a reorganization energy of72

several hundred meV [13–15]. They are also reported to affect solar cell perfor-73

mance [16], as do charge-transfer excitons in all-organic solar cells [17]. Clearly,74
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direct experimental access to the formation dynamics of hybrid excitons at75

ZnO interfaces is needed to confirm their impact on the charge separation76

efficiencies and develop strategies to circumvent their detrimental influence.77

A direct measurement of hybrid excitons and their formation dynamics78

is, unfortunately, still missing. The widely used transient absorption spec-79

troscopy is not sensitive to electron localisation and relies on optical transition80

dipole moments. Beyond optical approaches, however, progress has been made81

recently: changes to the potential energy surfaces on timescales between 10’s82

of ps up to µs were attributed to the formation of localised electrons in ZnO83

within <6 nm to the interface using time-resolved X-ray photoelectron spec-84

troscopy [4]. These results are in line with the observation of defect excitons85

at ZnO surfaces [18] and ultrafast THz spectroscopy, which detects electrons86

retained at the interface for times exceeding the ps range after ultrafast87

photoinjection [9]. Although these works are indicative of long-lived hybrid88

excitons, an unambiguous assignment, including knowledge of the formation89

pathway, (lateral) localisation, and binding energy of the trapped electrons is90

still lacking. Knowledge of the elementary steps of photoinjection as well as91

hybrid exciton formation is indispensable in order to not only decide if effi-92

cient charge separation is at all possible at ZnO interfaces, but imperative to93

develop strategies against interfacial trapping in general.94

We disentangle the charge injection and hybrid exciton formation at a95

ZnO/organic interface using time-resolved two-photon photoelectron spec-96

troscopy (TR-2PPE) combined with ab initio many-body perturbation theory,97

employing the Bethe Salpeter equation (BSE). To enable comparison between98

experiment and theory, we use a well-characterized [19] model system con-99

sisting of a single crystal ZnO surface and a tailored organic molecule,100

p-quinquephenyl-pyridine (5P-Py, see inset in Fig. 1d). We isolate the impact of101

electronic coupling and electron-hole Coulomb interaction and observe sub-ps102

charge injection dynamics by following the non-equilibrium population dynam-103

ics of the lowest unoccupied molecular orbital (LUMO) using two distinct104

excitation pathways, interfacial and intramolecular, as illustrated in Fig. 1b,c.105

Based on this, we can rule out that (i) density of state effects and (ii) molec-106

ular or interfacial trap states hinder electron injection. On the contrary, after107

the electrons transfer to ZnO on femtosecond timescales, they escape from the108

probed volume into the bulk of the semiconductor. Remarkably, however, the109

electrons return to the interface within 100(50) ps. They populate an elec-110

tronic state at 0.71(5)-0.91(5) eV below the conduction band (CB) minimum,111

in good agreement with our BSE calculations that yield a binding energy of112

0.7 eV for hybrid excitons localised at a 1 nm distance from the photohole.113

The HX lifetime exceeds the inverse laser repetition rate of 5 µs, leading to114

a photostationary state in our experiments. This study reveals the complete115

charge transfer sequence at a model inorganic-organic interface and resolves116

the long-standing issue of low ZnO performance in hybrid solar cells. Not only117

is ultrafast electron injection into ZnO clearly possible at rates comparable to118

record values reported for TiO2 [20]; we find that HX formation proceeds by119
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Fig. 1 Ultrafast electron transfer dynamics followed by HX formation. a, Time-
resolved PE intensity change (false colours) of LUMO population after interfacial excitation
with hνpump = 2.52 eV, hνprobe = 1.53 eV. b,c, Schematics of interfacial and intramolecular
excitation. d, Time-dependent PE signal for interfacial (green) and intramolecular excitation
(blue) and laser pulses’ envelope (grey). Inset: 5P-Py molecule. e, Hybrid exciton population
build-up extracted from Fig. 1g including fit of the pump-probe delay-dependent changes
to photostationary state intensities. f, Time-resolved PE intensity change (false colours) of
the S1 population after intramolecular excitation with hνpump = 3.9 eV, hνprobe = 1.55 eV.
g, Build-up of hybrid exciton population probed via changes to the photostationary state
intensity of UV (yellow energy axis) and IR photons (black energy axis, right).

delayed attraction of electrons to the interface. These observations suggests120

that efficient hybrid solar cells can be designed using ZnO if interfacial trap-121

ping is avoided by funneling either photoholes or -electrons away from the122

interface within the hybrid exciton formation time of 100(50) ps.123

124

Figure 1a shows the time-dependent photoelectron intensity change as a func-125

tion of energy with respect to EF and pump-probe time delay ∆t after126



Springer Nature 2021 LATEX template

Hybrid excitons: ultrafast, but delayed 5

interfacial excitation (hνpump = 2.52 eV) as illustrated in Fig. 1b. As out-127

lined in a previous study of the same system [19], electrons are promoted128

from an occupied in-gap state (IGS) to the 5P-Py LUMO. At temporal over-129

lap (∆t = 0) of pump and probe (hνprobe = 1.53 eV), an intense signal is130

observed. It peaks at 1.86 eV and has a full width at half maximum of 0.5 eV131

in agreement with previous work [19]. This non-equilibrium population of the132

LUMO fully decays within few hundred fs. The band integral across the peak133

yields the green cross correlation (XC) trace in Fig. 1d, which can be accu-134

rately fitted with a single exponential decay with τinterface = 70(5) fs convolved135

with the laser pulses’ envelope (grey in Fig. 1d, see Methods for details). This136

population decay of the LUMO is much faster than typical electron-hole recom-137

bination times in organic molecules [21, 22] and attributed to charge transfer138

into the ZnO CB. We conclude that the LUMO is strongly coupled to the CB139

and that low charge separation efficiencies cannot result from a low density of140

states in ZnO, as efficient charge transfer is evidently possible.141

We address the impact of a photohole on the charge transfer dynamics by142

resonantly exciting the 5P-Py molecules at their absorption maximum [19].143

With this intramolecular excitation, the electron wave function is expected to144

be more localised on the molecule (cf. schematic in Fig. 1c) thereby reducing145

wave function overlap with the ZnO and, consequently, reducing the transfer146

rate. In order to avoid bulk effects of the organic film, we ensure monolayer147

coverage (Methods). Fig. 1f shows the excited state population dynamics after148

intramolecular excitation, lasting up to 1 ps, i.e. considerably longer than upon149

interfacial excitation. For quantitative comparison, the spectrally integrated150

intensity evolution is shown in Fig. 1d. Again, a single exponential popula-151

tion decay fits the data (see Methods for more details). The time constant152

τmolecule = 350(20) fs is five times larger than τinterface and, thus, the pho-153

toinjection is slower due to the attractive Coulomb interaction of the hole in154

the molecular film, as expected. Nevertheless, the time constant is still ultra-155

fast and, hence, the coupling is strong. We conclude that the influence of the156

hole on the ultrafast photoinjection is minor, in agreement with Ref. [5], and157

that the reduced charge conversion efficiencies at ZnO interfaces must have a158

different origin.159

160

To elucidate the cause for suppressed charge separation, we perform ab initio161

calculations of nP-Py/ZnO (n = 0, 1, 2 phenyl rings attached to pyridine)162

interfaces. Our calculations show that the HOMOs are quite localised on nP-163

Py as illustrated by the charge density plots in Fig. 2a. They do, however,164

weakly extend into the ZnO. BSE calculations (see Supplementary Material165

(SM) and Ref. [23] for details) show that a hybrid exciton can be formed with166

a binding energy of 0.2 eV. Figure 2b shows the quasiparticle band structure167

of Py/ZnO (the corresponding results for n = 1, 2 can be found in the SM)168

and illustrates by the colour code the respective contribution of the electron169

(light blue) and hole (light red) to the HX wave function. Note that the hole170

is in the HOMO of the molecule.171
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Fig. 2 Electronic structure and hybrid excitons at nP-Py interfaces. a, HOMO-
LUMO gap and HOMO electron density of nP-Py as calculated by DFT with the number
of rings including the pyridine unit N = n + 1. b, Band structure of Py/ZnO(10-10) as
calculated by DFT+GW and hybrid exciton contributions based on BSE. c, Analogous
calculations for the HOMO scissor-shifted into the band gap as observed in the experiment
and adjusted ZnO band gap. d,e Side and top view of the electron distribution of the exciton
wave function, with the hole localised at the molecule (red dots).

Unfortunately, a full many-body treatment consisting of the GW approxi-172

mation and a subsequent BSE calculation for the experimentally investigated173

5P-Py molecule is computationally not feasible. We therefore use a simplified174

approach to simulate the HX at the 5P-Py/ZnO interface. Thereby, we make175

use of the fact that the band gap of nP-Py shrinks linearly with the inverse176

number of rings (cf. Fig. 2a) as commonly known for such conjugated systems.177

Experimentally, we determined the position of the LUMO 1.8 eV above the178

Fermi energy, i.e. 1.6 eV above the ZnO CB minimum, and the optical gap to179

be 3.9 eV [19]. ZnO exhibits a wide band gap of 3.4 eV [24]. Accordingly, we180

adjust the HOMO-LUMO distance and the ZnO band gap by scissors shifts181

applied to the DFT bands of Py/ZnO. The resulting band structure is dis-182

played in Fig. 2c. This ”trick” is justified as the character of the bands involved183

in the HX are the same in all the systems. The BSE calculation based on184

these bands yields the HX with an increased binding energy of 0.7 eV due to185

the stronger localisation of the photohole on the molecule, since the HOMO is186

now residing in the ZnO band gap. Figures 2d and e show the electron den-187

sity distribution (40 % equal density surface) of the HX wave function with188

the hole position fixed on the molecule. Clearly, the electron is residing in the189

ZnO. Integration of the charge density (cf. SM) shows that 78 % of the elec-190

tron density resides in the first nm of the ZnO with a lateral full width at half191

maximum of 1.4 nm.192

Note that the large HX binding energy suggests that the electronic level of193

the hybrid exciton, which would be probed in photoemission, lies significantly194

below the conduction band minimum of ZnO (cf. Fig. 1c), which is located at195

only 0.2 eV above the Fermi energy EF [25]. This would quench all potential196
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HX decay channels except for recombination, as all available electronic states197

(even within several 100 meV) are occupied below EF. This would inevitably198

lead to long lifetimes in the order of 100’s of ps [26, 27], ns [28], or even up199

to µs [18], possibly exceeding the inverse repetition rate of our laser system200

(5 µs), such that a photostationary population could be detected even in single-201

colour photoemission experiments [18] (details will be discussed below). In202

order to probe such metastable states at low energies, either (UV) photon203

energies exceeding the work function Φ = Evac−EF are needed, or multiphoton204

photoemission with IR or VIS photons is required as illustrated in the inset of205

Fig. 3a.206

The blue spectrum in Fig. 3a shows the single-colour (hνUV = 3.90 eV)207

1PPE intensity distribution as a function of final state energy. Beyond the208

secondary electron tail that is cut off at 2.4 eV, indicating the low work function209

of the 5P-Py sample, the spectrum exhibits a broad peak at Efinal − EF =210

3.19(5) eV, corresponding to an initial state energy of 0.71(5) eV below EF211

(cf. grey energy axis). The same signature is also detected in the red single-212

colour (hνIR = 1.55 eV) 2PPE spectrum in Fig. 3a. It is located at lower final213

state energy due to the photon energy difference ∆hν = hνUV − 2hνIR and,214

therefore, superimposed with the secondary electron tail. With respect to the215

bulk conduction band minimum of our ZnO sample, which lies 0.2 eV above216

EF [24], the state has, no matter whether it is probed by UV or IR light, a217

binding energy of 0.91(5) eV. However, downward surface band bending at the218

surface of ZnO(10-10) up to EF was observed before [18, 24] and is highly likely219

also for the interface with 5P-Py, not least because of the strongly reduced220

work function. Based on this, we deduce an experimental binding energy of221

0.71(5)-0.91(5) eV, which is in excellent agreement with our calculations.222

To test the hypothesis that the state observed in the single-colour spectra223

is resulting from a photostationary HX population, we inspect the nature of224

this state by comparison of the sum of the single colour spectra (grey line) with225

two-colour PE spectra at negative pump-probe time delays (black line). If the226

electronic state were originating from an ordinary occupied state, no correla-227

tion of the laser pulses should be observed and the negative delay spectrum228

should coincide with the sum of the single-colour spectra. Clearly, this is not229

the case: Both, the UV- and IR-probed peaks, have larger intensities in the230

black spectrum, when both colours are used in the experiment, demonstrating231

a correlation between laser pulses.232

This observation can be understood when considering an excited state life-233

time exceeding the inverse repetition rate of the laser system (1/R = 5 µs).234

In single-colour PE, each consecutive laser pulse populates and depopulates235

the long-lived species, leading to the build-up of a photostationary state with236

an intensity that depends on the (de)population probabilities as illustrated by237

Fig. 3c,d. When both colours are used, separated e.g. by a pump-probe delay238

∆t > 0 (cf. Fig. 3b), the excited state population generated by the UV may239

be probed by IR photons and vice versa. A correlated photostationary state240
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(PSS) is detected (black) that has a different intensity than the mere sum of241

the single-colour signals (grey).242

It is tempting to assume that a photostationary state does not exhibit any243

dynamics once it is built-up. However, a PSS is only stationary with respect to244

the fixed pump-probe delay ∆t at which the spectrum is taken. In other words,245

for different ∆t, different PSS may form, for instance because the succeeding246

pulse interferes with the formation dynamics of the transient species launched247

by the preceding laser pulse as outlined in detail in the SM and in Ref. [29].248

Subtraction of photostationary spectra at different ∆t yields such dependence249

of the PSS intensity on the pump-probe time delay.250

The black, unfilled spectrum in Fig. 3a is a representative difference spec-251

trum generated by subtracting ∆t = −3 ps data from the spectrum at +85 ps.252

It is shifted upwards for clarity and significantly upscaled (x35). The spec-253

trum illustrates that the average PSS population is only slightly, but notably254

higher if the UV photons are absorbed 85 ps before the IR pulse arrives than255

if the UV pulse succeeds the VIS pulse by 3 ps. In other words, the photo-256

stationary population is higher for a pulse train with ∆t = 85 ps. Based on257

this, we conclude that intramolecular excitation of 5P-Py leads, in addition to258

the ultrafast electron transfer discussed above, to the build-up of a photosta-259

tionary state with a high binding energy of 0.71(5)-0.91(5) eV with respect to260

the ZnO CB continuum that exhibits lifetimes larger than 5 µs. This exper-261

imental observation confirms the theoretical prediction described above that262

anticipates a hybrid exciton with a binding energy of 0.7 eV. It results in very263

long excited state lifetimes due to the strong n-doping of ZnO.264
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Having demonstrated that the PSS differs for different pump-probe time265

delays ∆t, we return to the time-resolved data after intramolecular excitation266

in Fig. 1. Panel g shows the time-dependent change of the PE intensity for267

pump-probe delays up to 100 ps. Note that the complete 5P-Py S1 population268

has decayed after the first few ps by charge transfer to the ZnO as discussed269

above, and the PE intensity is in the noise floor. After ca. 10 ps, a slow intensity270

build-up is observed, at the initial state energy of the photostationary hybrid271

exciton state. As discussed above, it appears in a double peak structure due272

to probing by photoemission with IR and UV photons (yellow and black axes273

on the right), respectively, which is possible due to the long lifetime of this274

species. Band integrals of both peaks result in the transients in Fig. 1e. A275

global single exponential fit (black lines) yields a rise time of 100(50) ps.276

Based on the above findings, we are able to describe the complete sequence277

of elementary steps that lead to hybrid exciton formation at organic-ZnO inter-278

faces, also illustrated in Fig. 1b and c: Photoexcitation of the chromophore is279

followed by (1) ultrafast electron transfer to the ZnO, competing with record280

charge injection times of TiO2 [20]. This electron transfer is only marginally281

slowed down by the presence of the photohole on the molecule. The relaxation282

(2) of the injected electrons is not detected by photoemission, which means283

that the carriers have left the surface region. It is, however, known [26, 30] that284

electrons reach the minimum of the conduction band quickly on sub-picosecond285

timescales. Remarkably, after a substantial delay, the electrons are (3) recap-286

tured at the interface. The hybrid exciton signal builds up with a time constant287

of 100(50) ps. This can be rationalized by the long-range Coulomb attraction288

of the photohole on the chromophore, which is less screened in ZnO than in289

TiO2. Due to the very large binding energy of the hybrid exciton (4), it takes290

time for the exciton to reach the 1s state within the Rydberg-like series of of291

electron states within the potential of the hole, as several 100 meV need to be292

released upon cooling of the hot exciton (cf. Fig. 1c). Moreover, the majority293

of the HX decay channels is blocked, as all electronic levels are filled up to the294

Fermi energy. The 1s hybrid exciton can solely decay by recombination. This295

leads to very long lifetimes beyond 5 µs.296

This new and detailed understanding of the delayed formation of hybrid297

excitons is not only consistent with previous findings in the literature as, for298

instance, the high binding energy from electroluminescence studies [13, 14]299

or the long lifetime of interfacial trapped electrons in time-resolved XPS [4].300

It also directs us towards concerted strategies to circumvent the hybrid exci-301

ton formation for enhanced charge separation. Knowing that electrons are302

recaptured at the interface due to the attractive Coulomb potential of the303

photohole, it is now clear why doping or core shell structures enhancing304

the screening of the Coulomb interaction successfully enhanced the charge305

separation efficiency in the past [2] and could possibly be further optimized.306

The prime insight of this work is, however, the finding that hybrid exciton307

formation occurs in a delayed fashion, with a quite substantial build-up time308
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of 100 ps. This comfortable time window opens up possibilities to funnel pho-309

tocarriers away from the interface before they bind in the form of stable 1s310

hybrid excitons. Electron capture at the backside of sufficiently thin ZnO films311

is equally conceivable as scavenging photoholes in the chromophores by using312

appropriate hole acceptors, or manipulation of the potential energy landscape313

by built-in electric fields.314

315

1 Methods316

1.1 Sample preparation317

Sample preparation is performed in a UHV chamber with a base pressure below318

5 · 10−10 mbar. Single crystal ZnO(10-10) samples (MaTecK GmbH) are pre-319

pared by Ar+ sputtering (0.75 keV, 10 min) and annealing cycles at 700-900 K320

for 30 min following established procedures [31]. The surface reconstruction is321

confirmed with LEED. The 5PPY molecule is a derivative of the widely used322

sexiphenyl, with a Nitrogen atom at the end to bind in an ordered fashion at323

the ZnO surface, for details on the synthesis see ref. [19]. 5PPy molecules are324

evaporated (0.3-0.7 nm/min) from a Knudsen cell onto the freshly prepared325

ZnO(10-10) surface after carefully degassing of the molecules at 10 K below326

their evaporation temperature of ca. 530 K. A pre-calibrated quartz crystal327

microbalance is employed to estimate the thickness of the film. The adsorption328

of 5PPy on ZnO(10-10) also induces a work function change that is character-329

istic of the film thickness; a minimum work function of 2.45(5) eV is reached330

at 1 ML [19], corresponding to the data shown in Fig. 1 f (intramolecular331

excitation).332

1.2 Photoelectron spectroscopy333

After preparation, the sample is transferred in situ to the analyzer cham-334

ber. Photoelectrons are detected using a hemispherical analyzer (Phoibos 100,335

SPECS) with an energy resolution of ca. 50 meV. During the photoemission336

experiments the sample temperature is held at 100 K, and the pressure is kept337

<10−10 mbar. A bias voltage Vbias of -2.5 to -5.5 V is applied to the sam-338

ple with respect to the analyzer enabling the detection of electrons with zero339

kinetic energy, which constitute the secondary electron cutoff. The spectra are340

referenced to the Fermi level EF measured at the gold sample holder, which341

is in electrical contact with the sample. Note that the kinetic energy of EF342

scales with the photon energy hν, as the measured kinetic energy of electrons343

originating from EF is Ekin(EF) = hν − ΦAnalyzer–eVbias, where ΦAnalyzer is344

the work function of the electron analyzer. The pump and probe laser pulses345

are generated by a femtosecond 200 kHz laser system (Light Conversion), con-346

sisting of a regenerative amplifier (Pharos) feeding two non-collinear optical347

paramteric amplifiers (Orpheus 2H/3H). Pulse durations are on the order of348

30-50 fs. For the intramolecular excitation the pump laser fluence is kept low349
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(0.2 µJ/cm2) due to strong direct photoemission (the pump photon energy of350

3.9 eV is larger than the sample work function). The probe laser fluence is 700351

µJ/cm2. Due to the high power, 2PPE with the probe laser beam from occu-352

pied states is about as efficient as direct photoemission with the pump laser353

beam.354

1.3 Data representation and fitting355

In the TR-2PPE spectra presented in Fig. 1 a,f,g the photoemission back-356

ground at negative delay times (-2 ps) was subtracted to show the excited state357

dynamics. The fitting of the photoelectron intensity transients in Fig. 1 d is358

done for interfacial excitation with359

f(∆t) = Ae−∆t2 + Be−∆t/τdecay

and for intramolecular excitation with360

f(∆t) = Ae−∆t2 + Be−∆t/τdecay(1 − e−∆t/τrise).

The first term in both fit functions is a narrow Gaussian function (width361

1 fs) to account for two-colour 2PPE via virtual states without populating362

the LUMO from the IGS/the HOMO. A delayed rise (τrise = 80(10) fs) of the363

LUMO population is observed upon intramolecular excitation, which is likely364

attributed to internal conversion; two colour 2PPE and delayed rise leads to the365

double peak structure in the data (cf. Fig. 1 d). The functions are convoluted366

with the laser pulses’ cross-correlation measured at the gold sample holder367

before fitting them to the data.368

1.4 Theory369

All calculations have been carried out with the all-electron full-potential code370

exciting [32], based on the frameworks of density-functional theory and371

many-body perturbation theory. Details are provided in the SM. All input and372

output files of the calculations can be downloaded from NOMAD [33] under373

the DOI 10.17172/NOMAD/2023.06.14-1374

Supplementary information. Details on the calculations, details on fem-375

tosecond dynamics of photostationary states.376
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[6] Sobuś, J., Burdziński, G., Karolczak, J., Id́ıgoras, J., Anta, J.A., Zió lek,411
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