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New concepts

Hot excited electronic states typically lose their energy to the environment on the femto- and pico- 

seconds timescales – a process generally known as the hot electron cooling. In this work, it is 

found that the CT exciton at organic/2D heterostructures can violate this general behavior by 

gaining energy from the environment and dissociating spontaneously into an electron-hole pair. 

We hypothesize that the observed enthalpy-uphill process is driven by entropic gain. While the 

entropic driving force is often neglected, it would hold the key in facilitating the conversion of 

bound excitons into free carriers and prolonging the free carrier lifetime. Dissociation of bound 

excitons into free carriers is a critical step for many photo-to-electrical and photo-to-chemical 

energy conversion processes. Hence, understanding how to exploit entropy is essential for 

designing nano-structured materials for harvesting solar energy. 
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Abstract

Despite the large binding energy of charge transfer (CT) excitons at type-II organic/2D 

heterostructures, it has been demonstrated that free carriers can be generated from CT excitons 

with a long lifetime. Using a model fluorinated zine phthalocyanine (F8ZnPc)/monolayer-WS2 

interface, we find that CT excitons can dissociate spontaneously into free carriers despite it is an 

enthalpy-uphill process. Specifically, it is observed that CT excitons can gain an energy of 250 

meV in 50 ps and dissociate into free carriers without any applied electric field. This observation 

is surprising because excited electrons typically lose energy to the environment and relax to lower 

energy states. We hypothesize that this anormal enthalpy-uphill CT exciton dissociation process 

is driven by entropy gain. Kinetically, the entropic driving force can also reduce the rate for the 

reverse process – the conversion of free electron-hole pairs back to CT excitons. Hence, this 

mechanism can potentially explain the very long carrier lifetime observed at organic/2D 

heterostructures.

*wlchan@ku.edu
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Introduction

Two-dimensional (2D) crystals such as graphene and transition metal dichalcogenide 

crystals (TMDCs) have attracted much attention recently because their properties can be tailored 

by stacking different atomically thin crystals together.1-3 This fabrication strategy is feasible 

because of the weak van der Waals (vdW) bonding between layers and the absence of dangling 

bonds at the interface. Similarly, organic molecules, when physically absorbed on TMDCs, 

interact with the substrate by vdW forces. Hence, organic molecules can be naturally combined 

with TMDCs to produce heterostructures that possess advantages of both materials.4-6 For 

example, organic molecules are tunable light absorbers, and the thickness of an organic film can 

be easily controlled. They can be combined with TMDCs to produce sensitive light detectors and 

gate-tunable p-n junctions.7-12 It has been demonstrated that these p-n junctions can have a 

dimension on the atomic scale.13 Organic molecules can also passivate defects in TMDCs via 

physical adsorption14 which is important for improving the carrier mobility in TMDCs. In some 

cases, organic molecules can enhance the photoluminescence yield of TMDCs by effective energy 

transfer.15, 16 An array of molecules can be used to create periodic exciton trapping sites at 

organic/TMDC interfaces,17 which can favor the formation of exciton condensates.18 Molecules 

can also be attached to TMDCs via covalent bond, which allows the use of these heterostructures 

in solution environments.19 

In type-II vdW heterostructures, electrons and holes can transfer into the two different 

layers because of the staggered band gap at the interface. Although the electron and hole reside in 

two different layers, they can still be bound together by Coulomb interaction to form an exciton, 

which is also known as a charge transfer (CT) exciton. CT excitons usually form immediately after 

photoexcitation,20, 21 and they typically have a very long lifetime.22 These properties are beneficial 
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for optoelectronic and light harvesting applications. On the other hand, because of the large exciton 

binding energy, it is not guaranteed that free carriers can be generated from these bound excitons, 

which can hamper the use of these heterostructures in light harvesting and sensing applications. 

Indeed, it is known that the dissociation of CT excitons can be a bottleneck process for free carrier 

generation,23, 24 and the large binding energy of CT excitons has been shown to limit the open 

circuit voltage of organic photovoltaics (OPV).25, 26

Interestingly, the carrier lifetime at molecule/TMDC heterostructures has shown to be an 

order of magnitude larger than that at TMDC/TMDC heterostructures.27-29 While a thicker organic 

layer generally helps by allowing free carriers to diffuse away from the interface, it is less clear 

how bound CT excitons would dissociate in the first place. Because organic films often have a 

smaller dielectric constant compared to TMDCs, the CT exciton at the molecule/TMDC can have 

a binding energy as large as ~0.5 eV,18 which should impede its dissociation. If CT excitons are 

less likely to dissociate into free carriers, free carriers can also be trapped at the interface by 

forming CT excitons. Therefore, the much longer carrier lifetime observed in molecule/TMDC 

heterostructures can be counterintuitive because the lifetime of free carriers should be lowered if 

they have a higher tendency to meet their counterpart to form CT excitons. To resolve this 

dilemma, we use time-resolved two photon photoemission spectroscopy (TR-TPPE) to probe the 

CT exciton dissociation process at fluorinated zinc phthalocyanine (F8ZnPc)/WS2 heterostructure. 

This method can distinguish bound CT excitons from free carriers by their energies,30, 31 which 

allows us to probe how the charge separation (CS) process occurs.

Although observations of free carrier generation from similar interfaces have been reported 

in several previous works,32-35 these works have not resolved whether the CS state has a higher 

energy than the CT exciton. Indeed, many earlier studies on organic interfaces have suggested that 
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effective CS relies on the extraction of electrons from CT excitons via some lower energy sites 

originated from interfacial mixing36, 37 or disorders.38 In our previous TR-TPPE study on 

ZnPc/MoS2,35 we observed the ultrafast electron transfer from ZnPc into MoS2. However, because 

our probe photons do not have a high enough energy to access the free carrier state in the MoS2,39 

we were only able probe the localized CT state but not the CS state. The presence of the CS can 

only be inferred from complementary transient absorption measurements.35 In this work, a 

F8ZnPc/WS2 heterostructure is chosen such that the electron in the CT exciton resides in the 

molecule instead of the TMDC. This sample geometry, with the organic layer on the top, also 

allows us to probe the electron in the CT exciton with the surface sensitive photoemission probe 

even for heterostructures with a thicker organic layer. Finally, the F8ZnPc has a smaller ionization 

potential compared to typical electron acceptor molecules, which enables us to probe the full 

manifold of S1, CT and CS states with our laser setup. 

Surprisingly, instead of electron trapping at the interface, we found that bound CT excitons 

at the F8ZnPc/WS2 heterostructure can gain an energy of ~0.25 eV in just 50 ps, which allows free 

carrier generation to occur spontaneously despite being an enthalpy-uphill process. Because no 

electric field is applied during the measurement, it is rather unexpected that a higher energy state 

can be populated at the expense of a lower energy state. We attribute this anormal enthalpy-uphill 

process to entropy-driven CT exciton dissociation. We have observed similar phenomena at 

organic donor/acceptor interfaces,30, 40 but it is the first time that this process has been reported at 

hybrid organic/TMDC interfaces. The significance of observing this phenomenon at 

organic/TMDC interfaces is two-fold. First, it can explain why the CS in organic/TMDC 

heterostructures appears to be more effective than that in TMDC/TMDC heterostructures despite 

CT excitons in the former should have a larger binding energy. Second, it validates our earlier 
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hypothesis that entropy-driven CS is favored at interfaces in which the delocalized electron and 

hole wavefunctions within the CT exciton have minimal spatial contact.30, 40  As we will elaborate 

later, a large enough entropic driving force not only means that CT excitons are more likely to 

dissociate, but it also suppresses the reverse process, i.e., the conversion of free carriers back to 

CT excitons. This mechanism can explain the long carrier lifetime observed at organic/2D 

heterostructures.27-29 

Results and discussion

A type-II heterostructures is formed by depositing F8ZnPc molecules on a continuous 

CVD-grown monolayer (ML) WS2 in an ultrahigh vacuum (UHV) chamber. A schematic diagram 

of the sample is shown in Fig. 1a. Our previous optical spectroscopy work has shown that this 

heterostructure can generate separated electrons and holes effectively.32 The detailed sample 

preparation procedure can be found in the method section. Before the deposition, the ML-WS2 was 

annealed at 400 – 450 ⁰C for ~ 30 hours, which was then characterized in-situ by angle-resolved 

photoemission spectroscopy (ARPES). The ARPES spectrum (Fig. 1b) shows a clear dispersion 

relationship that agrees well with previous works.41 We note that the WS2 is polycrystalline, with 

a grain size of ~100 m. The grain size is large enough that the exciton dynamics and the band 

structure obtained in our work should be comparable to measurements performed on exfoliated 

flakes. However, because the UV light used in our ARPES measurement is not focus, the ARPES 

spectrum represents the band structure averaged over grains in a few mm2 area that can have 

different azimuthal directions. After obtaining a clean WS2 surface, F8ZnPc was deposited on the 

WS2. 

The ultraviolet photoemission spectra (UPS) of the sample with various F8ZnPc 

thicknesses measured at the surface normal direction, corresponding to the  point, are shown in 
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Fig. 1c. The initial state energy is referenced with respect to the Fermi level (Ef). The valence band 

maximum (VBM) at the  point of WS2 and the highest occupied molecular orbital (HOMO) of 

F8ZnPc can be identified in these spectra. The secondary electron cutoff (SECO) at low energies 

(Fig. S1 in ESI) was used to determine the work function of the sample. The HOMO peak position 

and the work function of the F8ZnPc are plotted in Fig. 1d. Both quantities change slightly as the 

thickness of the F8ZnPc layer increases. The ionization potential (IP) of F8ZnPc can also be 

determined from the UPS spectrum by using the SECO and the rising edge of the HOMO peak 

(Fig. S2 in ESI). The IP as a function of thickness is shown in Fig. 1e. The IP converges to ~ 5.9 

eV for thicknesses > 10 nm. 

Figure 1: a) A schematic showing the F8ZnPc/ML-WS2 heterostructure. b) The ARPES spectrum 
for the ML-WS2. The pseudocolor represents the second derivative of the intensity with respect to 
the energy. c) The UPS spectra for the bare ML-WS2 and F8ZnPc films on ML-WS2. The nominal 
thickness of the F8ZnPc film is shown in the legend. The spectra are collected with photoelectrons 
emitted in the surface normal direction. d) The HOMO peak position and the work function of the 
F8ZnPc as a function of the film thickness. e) The ionization potential of the F8ZnPc film. f) The 
band diagram of the F8ZnPc/ML-WS2 heterostructure drawn by using the measured HOMO-VBM 
offset and quasiparticle band gaps of ML-WS2 and F8ZnPc. 

For small molecules, the IP of thicker films (when the substrate effect is less important) 

depends on the surface dipole, which in turns depends on the orientation of the molecule.42, 43 For 
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phthalocyanine molecules, these effects have been well-studied.40, 43-45 For instance, it is known 

that face-on oriented ZnPc (or other metal-Pcs) have a IP that is ~ 0.4 eV larger than that of edge-on 

oriented ZnPc.43-45 The effect is reversed for F8ZnPc, i.e., the IP for face-on orientated F8ZnPc is 

~ 0.3 - 0.4 eV smaller than that of edge-on F8ZnPc,40, 45 because electropositive H atoms on the 

edge of the molecule are replaced by electronegative F atoms. In this work, the measured IP value 

(5.9 eV) agrees well with the IP of face-on orientated F8ZnPc (in our previous work,40 we found 

that face-on and edge-on F8ZnPc has an IP of 5.9 eV and 6.2 eV, respectively).  If we used the 

peak position instead of the rising edge to determine the IP, we found an IP value of 6.46 eV, 

which agrees well with the IP value of face-on F8ZnPc (~6.5 eV) determined by others using the 

peak position.45 The face-on orientation is also consistent with at least two other near-edge X-ray 

absorption spectroscopy works, which found F-CuPc46 and F-FePc33 molecules adopted a face-on 

orientation on MoS2.

The band alignment at the interface is determined by the relative position of the WS2-

VBM() peak and the F8ZnPc-HOMO peak shown in Fig. 1c. We note that the global VBM for 

ML-WS2 is at the  point, which cannot be measured directly from a polycrystalline sample. For 

ML-WS2, the VBM at the  point is 0.3 eV higher than that at the  point,41 which is added to the 

VBM() to determine the VBM(). For F8ZnPc, the average HOMO energy for the two thinnest 

samples (1 nm, 2 nm) is used, which corresponds to the HOMO energy near the interface. These 

energy levels are plotted in Fig. 1f. In this diagram, the HOMO level is set at 0 eV. In order to 

determine the position of the conduction band minimum (CBM) and the lowest unoccupied 

molecular orbital (LUMO), reported bandgaps of these materials are used. We note that both 

materials have a large exciton binding energy. For ML-WS2, the quasiparticle band gap is 

determined by adding an exciton binding energy of 0.23 eV47 to the optical bandgap of 2.03 eV. 
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We could not find the quasiparticle band gap for F8ZnPc in the literature. For similar 

phthalocyanine molecules, the reported transport gap is in the range of 1.9-2.3 eV.48-50 Hence, a 

value of 2.1 eV is used in the band diagram. As shown in the diagram, the heterostructure has a 

type-II band alignment. We note that the HOMO energy decreases as the F8ZnPc thickness 

increases, which can further increase the HOMO-VBM() offset and reinforce the type-II 

alignment. We also show the uncertainty (0.2 eV) in the transport gap of F8ZnPc in Fig. 1f (the 

gray box). Including this uncertainty does not affect the overall type-II band alignment. 

For the TR-TPPE measurement, the heterostructure was pumped by 1.77 eV, 25 fs laser 

pulses. The pump pulses selectively excite F8ZnPc because the pump photon energy is smaller 

than the optical gap of ML-WS2. Then, time-delayed 4.68 eV, 65 fs probe pulses were used to 

ionize the excited electrons. The kinetic energy of photoelectrons was measured by an electron 

spectrometer to produce the TPPE spectrum. We note that laser pulses/photoelectrons are 

illuminated/detected on the F8ZnPc side. The TPPE spectra at different delay times for the 1-nm 

F8ZnPc/WS2 are shown in Fig. 2a as a 2D pseudo color plot. We note that at each delay time, the 

raw spectrum is subtracted by the background spectrum obtained at negative delay times. Hence, 

the signal in the spectrum is originated from excited states populated by the pump pulse. The 

intermediate state (excited state) energy is referenced with respect to the F8ZnPc-HOMO energy 

obtained by the UPS (Fig. S3 in ESI). At the time-zero, the F8ZnPc is first optically excited. Hence, 

the peak at ~ 1.6 eV in early times (< 0.5 ps) can be attributed to the singlet exciton (S1) of F8ZnPc. 

This energy is also consistent with the S1 energy of phthalocyanine films measured by 

luminescence spectroscopy.51 The spectral narrowing in the first 0.2 ps can be attributed to exciton 

localization.52 

Page 9 of 22 Materials Horizons



9

Figure 2: The TR-TPPE spectra for the a) 1-nm F8ZnPc/ML-WS2, and b) 6-nm F8ZnPC/ML-WS2 
sample on two different timescales. The intermediate state energy is referenced with respect to the 
F8ZnPc’s HOMO. Peaks correspond to the F8ZnPc-S1 exciton, the CT exciton, and the CS state 
are labeled. The horizontal dashed line in each plot represents the lowest electronic energy that 
can be probed by 4.68 eV photons. c) The TPPE spectra at different delay times for the two 
samples. In this plot, spectra are offset vertically for clarity. Each curve represents the averaged 
spectrum over a time window of 30 ps, except for the 10 ps curve, which is averaged over the 
period of 5 - 15 ps. The center of each time window is shown in the legend.  d) The intensity of 
the CT and CS peak as a function of time for the 6-nm F8ZnPc/ML-WS2 sample. The CT (CS) 
intensity is fit with an exponential decay(rise) function. For both curves, a time constant of ~ 50 
ps is obtained from the fit. 

At longer times (> 10 ps), the spectrum is sharpened, and two additional higher energy 

peaks can be resolved. These higher energy peaks can be seen more clearly by plotting the spectra 

at various delay times (Fig. 2c, upper panel). The two higher energy peaks at ~ 1.7 eV and ~ 1.95 

eV are assigned to the CT state and the charge separated (CS) state, respectively. The CT exciton 

can be produced by the hole transfer from F8ZnPc to WS2 (blue arrow in Fig. 1f). A higher 

photoelectron energy of the CT peak as compared to the S1 peak can be explained by a reduction 

in the exciton binding energy. To determine the CT exciton energy in our spectrum, we need to 

subtract the peak position (~1.7 eV) by the VBM-HOMO offset. This is because the energy on the 

TPPE spectrum is referenced with respect to the F8ZnPc’s HOMO and the hole in the CT exciton 

Page 10 of 22Materials Horizons



10

locates at the WS2’s VBM. From our UPS data, the VBM-HOMO offset is ~0.14 eV, which gives 

a CT exciton energy of ~1.56 eV. As the CT exciton dissociates, the CT exciton binding energy 

decreases, which can result in the production of the higher energy CS state. The assigned CS peak 

is at ~ 0.25 eV higher than the CT peak. The energy difference between the CT and CS peaks 

represents the binding energy of the CT exciton. The CS peak is located at ~ 1.9 – 2.0 eV above 

the F8ZnPc’s HOMO, which agrees well with the HOMO-LUMO gap reported for phthalocyanine 

molecules (1.9-2.3 eV.48-50). At t > 200 ps, the S1 peak and the CS peak becomes the two most 

dominate features in the spectrum, which indicates that the exciton either dissociates or remains 

as a S1 exciton in the F8ZnPc. 

The dissociation of CT exciton into the CS state is more visible with a thicker F8ZnPc layer. 

Figure 2b shows the TR -TPPE spectrum for a 6 nm-F8ZnPc/ML-WS2 sample. Again, for t < 0.5 

ps, a peak corresponds to the F8ZnPc S1 can be observed.  We note that because of the larger work 

function and the deeper HOMO level of the thicker F8ZnPc film (see Fig. 1d), our 4.68 eV probe 

pulse does not have enough energy to capture the full S1 peak (the horizontal dashed line in Fig. 

2b indicates the lowest energy that we can measure based on the work function and the probe 

photon energy). Since the TPPE spectrum only captures the high energy tail of the S1 peak, the 

intensity appears to decay rapidly as the hot S1 exciton relaxes in the first 0.2 ps. Nevertheless, the 

probe can still capture the energy window corresponding to the CT and CS states (Fig. 2b – right 

panel, Fig. 2c – bottom panel). At t ~ 10 ps, the CT state, together with the higher energy CS state, 

are generated. The generation of the CS state within this short timescale can be attributed to hot 

mechanisms as suggested by a recent work on organic/2D interfaces.34 For t > 10 ps, the intensity 

of the CT state decreases as the intensity for the CS state increases. Figure 2d shows the intensity 

of the two peaks as a function of time. The two curves can be fit independently by an exponential 
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rise/decay function. Very similar time constants () of 50 ps (CT) and 51 ps (CS) are obtained 

from the two curves, which indicates that the population is transferred from the lower energy CT 

state to the higher energy CS state in ~ 50 ps. This population transfer causes an apparent shift in 

the photoemission peak towards higher energies as a function of time, which can be seen in the 

TR-TPPE spectrum (Fig. 2b, right panel). We also provide a grayscale version of this 2D intensity 

map in the ESI (Fig. S4b) in which the shift in the spectral weight can be more apparent. The shift 

in the spectral weight from the CT to the CS state can also be seen by plotting a series of raw 

spectra at different delay times, which is shown in Fig. S4a. 

We note that the shift in the photoemission peak towards higher energies cannot be 

explained by a surface photovoltage effect.53-55 Such effect should be less pronounced at lower 

pump laser fluences because less electrons and holes are separated.53, 54 However, we observe an 

opposite behavior in which the intensity growth of the higher energy CS state is more pronounced 

at lower fluences (Fig. S5 in ESI). This observation can be explained by the Coulomb repulsion 

between electrons generated from neighboring CT excitons, which could suppress the charge 

separation at higher excitation densities. At the highest pump fluence we used, the excitation 

density is estimated to be ~ 6×1012 cm-2 (see the experimental section). Moreover, the SECO from 

the raw TPPE spectra that includes the photoemission background does not show any shift in the 

energy as a function of time (Fig. S6 in ESI), which indicates that the observed energy upshift is 

originated from an actual increase in the excited state energy, rather than a transient shift in the 

work function induced by the photoexcitation.56 

The energy upshift observed in Fig. 2b is rather atypical. For most materials that we have 

worked on, the population of lower energy states increases at the expense of the population of 

higher energy states.31, 52, 57-60  Indeed, by the principle of detailed balance, if the enthalpy change 
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(E) is the only contribution to the free energy change (F), the ratio of the concentration of the 

higher energy CS state to that of the lower energy CT state should be given by exp(-E/kBT), where 

E is the energy difference between the two states. In our case, E ~ 0.25 eV. Hence, the 

concentration of the CS state should only be ~ 5 × 10-5 of that of the CT state. This low 

concentration of the high energy CS state should render it unobservable. Hence, the emergence of 

the higher energy CS state in the spectrum is quite surprising. Previously, in our works on 

organic/organic interfaces, we suggested that a population transfer to the higher energy CS state 

implies that the entropy contribution (-TS) to F cannot be neglected.30, 40 If the E is largely 

compensated by -TS, the dissociation of the CT exciton can occur spontaneously despite it is an 

enthalpy uphill process.

Figure 3: a) The TR-TPPE spectrum of the 6-nm F8ZnPc/ML-WS2 sample collected at 168 K. 
No apparent shift of the peak towards high energies is observed. b) The spectra at various delay 
times (indicated on the legend). c) The normalized intensity at energies corresponding to the CT 
and CS peaks as a function of time.  

The entropy driving force should decrease at lower temperatures. This contrasts with hot 

exciton dissociation mechanisms which are typically temperature independent.34 We have 

performed the measurement on the 6-nm sample at a lower temperature. Figure 3a shows the TR-

TPPE spectrum obtained at 168 K. No apparent spectral shift towards higher energies is observed, 

which indicates that CT exciton dissociation is largely suppressed at lower temperatures. A side-
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by-side comparison of spectra collected at room temperature and at 168 K is provided in Fig. S4 

in the ESI. It is clear from the comparison that the spectral weight is shifted from the lower energy 

CT state to the higher energy CS state at room temperature, but not at 168 K. This observation is 

consistent with the decrease in the entropy-driving force at low temperatures. Figure 3b shows the 

spectra at different times. The intensity decreases with increasing time across the whole spectral 

range. However, the intensity near the CS peak decreases at a slower rate and a shoulder 

corresponds to the CS state emerges at long delay times (250 ps). Apparently, some separated 

electrons (CS state) are still presence, but they are not generated from the CT excitons. Similar to 

the observation at the room temperature, we believe that some free carriers are generated at early 

time (~ 1 ps or below) through hot mechanisms.34 The normalized intensity for the two states is 

shown in Fig. 3c. To explain the observed dynamics, we note that the CS state should have a longer 

lifetime compared to the CT state because of a larger spatial separation between the electron and 

the hole. This leads to a slower intensity decay rate for the CS state as compared to the CT state. 

Results from an even thicker F8ZnPc film provide further evidence that free carriers are 

generated spontaneously from the interface.  Figure 4a shows the TR-TPPE spectrum for 15 nm 

F8ZnPc/WS2 measured at room temperature. At this thickness, because the photoemission probe 

is surface sensitive, it can no longer probe the CT state with its electron residing near the buried 

interface. Nevertheless, as shown in Fig. 4c, the intensity at energies corresponding to the CS state 

increases gradually throughout the time window assessable by our setup (up to 300 ps). Because 

the photoemission signal is originated from electrons near the surface of the F8ZnPc layer, the 

gradual increase in the signal can be attributed to the diffusion of free electrons, generated from 

the dissociation of the CT exciton, from the buried interface to the sample surface. We note that 

there is a two-step increase in the signal. The rapid increase at t < 50 ps and the slow increase at t 
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> 50 ps can be attributed to free charges generated from the fast hot CT exciton dissociation34 and 

the slower enthalpy-uphill exciton dissociation, respectively. 

 As a control experiment, we have also performed the TPPE measurement on a 15 nm 

F8ZnPc/graphite sample. The TR-TPPE spectrum for this sample is shown in Fig. 4c. As we 

discussed earlier, the large work function of thick F8ZnPc prohibits us from capturing the full S1 

peak, but the high energy tail of the F8ZnPc S1 peak can still be captured in the spectrum, which is 

populated immediately after the pump-excitation. Unlike WS2, graphite is a conductor. Hence, it 

will quench the F8ZnPc S1 exciton produced by the pump pulse instead of splitting the S1 exciton 

into an electron-hole pair. No free electrons should be generated from such interface. Indeed, we 

do not observe a peak or a shoulder at the energy corresponding to the CS state (the horizontal bar 

in Fig. 4c). For comparison, the normalized intensity at the energy window corresponding to the 

CS state for the F8ZnPc/graphite sample is also plotted in Fig. 4b. We observe a monotonic 

decrease in the photoemission signal, which is consistent with S1 exciton quenching instead of free 

carrier generation. 

Figure 4: a) The TR-TPPE spectra for the a) 15-nm F8ZnPC/ML-WS2, and b) 15-nm 
F8ZnPC/graphite collected at the room temperature. c) The normalized intensity at the CS peak 
energy for the two samples as a function of time.
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Finally, we comment on why the entropy-driven dissociation can occur at organic/2D 

interfaces. As we mentioned earlier, F8ZnPc deposited on WS2 has a face-on orientation. Hence, 

the π-stacking direction in the organic film is perpendicular to the interface, which allows the 

electron in the F8ZnPc film to delocalize in the out-of-plane direction (Fig. 1a). For our previous 

works on organic/organic heterostructures,30, 31, 58 the electron delocalization size in similar small 

molecules is ~ 4 nm. The out-of-plane delocalization means that the electron is localized in the in-

plane direction even though the film is continuous. Because the hole in WS2 is delocalized in the 

in-plane direction. The orthogonally oriented electron and hole wavefunctions within the CT 

exciton minimize the contact area between them. As we have shown previously in our works on 

organic/organic heterostructures, a minimal contact area between the delocalized electron and hole 

wave function can favor the entropy-driven dissociation process.30, 40 Indeed, many π-conjugated 

molecules have a face-on orientation on TMDC,61 which means that CT exciton dissociation can 

be rather effective in most organic/2D interfaces.

Concluding remark

In conclusion, we observed an enthalpy uphill CT exciton dissociation process occurs at 

the F8ZnPc/WS2 interface in which the CT exciton spontaneously gains an energy of ~0.25 eV in 

~ 50 ps. We attribute the observed enthalpy uphill process to entropy-driven charge separation. 

This observation can explain why CT excitons at organic/TMDC can dissociate effectively despite 

its large binding energy. Moreover, an entropy-driven CT exciton dissociation process can have 

an important implication on the free carrier lifetime. Kinetically, while the entropy driving force 

drives the CT exciton dissociation, it acts as a free energy barrier for the reverse process. Hence, 

free electrons and holes are much less likely to convert back to bound CT excitons, which can lead 

to a very long free carrier lifetime. In the extreme case where the entropic driving force is larger 
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than the CT exciton binding energy, the conversion from the CS state to the CT state can increase 

the free energy and becomes thermodynamically unfavorable. Essentially, an electron and a hole 

will “repel” each other at such interface, which can significantly suppress carrier recombination.  

The entropy-driven process is favorable when the delocalized electron and hole wave 

functions within the CT exciton has a minimal spatial contact.30, 40 This condition is fulfilled in 

many small molecules/TMDC interfaces because molecules typically has a face-on orientation on 

TMDCs, which makes the π-stacking direction perpendicular to the interface. Therefore, 

organic/TMDC heterostructures can be a favorable materials system for photo-to-electrical energy 

conversion applications.

Experimental section

Sample preparation. Continuous CVD-grown ML-WS2 was purchased from a 

commercial vendor (6Carbon Technology, China). The ML-WS2 was transferred on a naïve 

oxide/Si (high doped) substrate by the vendor. From the characterization data provided by the 

vendor (www.6carbon.com), the grain size is in the range of 50 – 150 m, and the monolayer 

coverage is over 95 %. After the sample was loaded into our UHV system, the sample was heated 

at 400 – 450 °C for ~30 hours in the photoemission chamber with a base pressure of 8  10-11 Torr. 

Once a clear ARPES spectrum was obtained, the sample was transferred to a deposition chamber 

with a base pressure of 1 × 10-9 Torr. F8ZnPc molecules (Luminescence Technology, >99%) was 

thermally evaporated onto the WS2 at room temperature. For thicknesses up to 2 nm, a substrate 

temperature of 90 °C and a deposition rate of 0.3 Å/min were used. For larger thicknesses, the 

deposition rate was increased to 0.8 Å/min and the sample was kept at room temperature. The 

thickness of the F8ZnPc was monitored using a quartz crystal microbalance. After the deposition, 
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the sample was transferred back to the photoemission chamber where the photoemission 

experiments were performed. 

ARPES/UPS experiment. A standard UV lamp was used to produce the UV light for the 

UPS measurement. The He-I emission line having 21.22 eV photon energy was used for our 

experiment. For ARPES measurement, the energy and angle of emission of the photoelectrons 

were resolved with a hemispherical analyzer equipped with an imaging detector (Phoibos 100, 

SPECS). For UPS measurements, photoelectrons emitted along the surface normal direction were 

collected. For the bare-WS2 sample, we notice some slow sample charging during the UPS/ARPES 

measurement as the whole spectrum shifted slowly towards lower energies) when the sample was 

illuminated by the UV light (ESI, Fig. S8). In this case, we used the spectrum collected 

immediately after the UV light was turned on. No apparent sample charging was observed after 

the sample was covered by F8ZnPc. 

TR-TPPE spectroscopy. TR-TPPE spectroscopy was used to measure the energy and 

population of excited electrons in the sample. The sample was excited by 25-fs pump pulses with 

its central wavelength kept at ~700 nm. For the photoemission probe, 65-fs probe pulses with a 

wavelength of 270 nm were used to ionize the excited electron. The kinetic energy of 

photoelectrons was measured with the same hemispherical analyzer used for ARPES/UPS. The 

pump and probe beams were generated by using the outputs of two noncollinear optical parametric 

amplifiers (Orpheus-2H and Orpheus-3H, Light Conversion), which were pumped by a Yb:KGW 

regenerative amplifier running at 125 kHz (Pharos - 10 W, Light Conversion). The 270 nm probe 

pulses were generated by frequency doubling the Orpheus-3H output.  Both beams had a full-width 

half-maximum (fwhm) size of 1.0 mm at the sample. All experiments were done at room 

temperature unless otherwise stated. The incidence fluence for the pump pulse is ~ 25 J cm-2 
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unless otherwise stated. The excitation density for the 6-nm F8ZnPc film is estimated to be ~ 

6×1012 cm-2  by assuming ~7 % of the incident fluence is absorbed.62 The incidence fluence for 

the probe pulse is in the range of 1.1 – 0.5 J cm-2, which is much smaller than that of the pump 

pulse.
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