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Abstract

Monolayer (ML) transition metal dichalcogenides (TMDCs) are an attracting new
class of two-dimensional direct band gap semiconducting materials for optoelectronic
device applications. The combination of TMDCs with organic semiconductors holds
the promise to further improve device properties with added functionality. Here we
demonstrate that excited state charge transfer from a thin organic absorber layer, i.e.
metal-free phthalocyanine (HaPc), enhances the photoresponse of ML MoS, dramati-
cally and at the same time also significantly extends it to spectral regions where the
TMDC is transparent. The fundamental processes enabling this boost in photodetec-
tor performance are unraveled by a combination of photoemission (PES), photolumi-
nescence (PL) and photocurrent action spectroscopy. Direct and inverse PES reveal a
type II energy level alignment at the MoSs/HoPc interface with a large energy offset
of 1 eV, which is sufficient to drive the excited state charge transfer. Time-resolved
PL measurements evidence highly efficient dissociation of excitons generated in HoPc
when they are in contact with MoS,. Exciton dissociation results in the formation of
a charge-separated state at the hybrid interface with an energy gap of ca. 1.2 eV, in
accordance with PES. This state then dissociates into free carriers and markedly con-
tributes to the current in the photodetector, as demonstrated by photocurrent action
spectroscopy. This reveals that the photoconductivity within the MoSy ML is generated
by light directly absorbed in the TMDC and, notably, with comparable efficiency by the
absorption of HoPc. The present demonstration of highly efficient carrier generation
in TMDC /organic hybrid structures paves the way for future nanoscale photodetectors

with very wide spectral sensitivity.



Introduction

Group-VI TMDCs have emerged in recent years as promising candidates for semitranspar-
ent, ultrathin and flexible (opto)electronic devices. In the ML regime these materials feature
a direct band gap and a high exciton binding energy.’? As a result, TMDCs possess very
large light-matter interaction cross sections. Furthermore, being covalent crystals, the charge
carrier mobilities can reach values up to 100 cm?/(Vs).*4 Further enhancement of the proper-
ties and added functionality are expected upon combination of TMDC MLs with conjugated
organic molecules. For example, the absorption of normal incidence light at the excitonic
resonances of TMDC MLs is less than 10 % despite their large light-matter interaction cross
section, since the active layer consists just of three atomic layers. Functionalization of such
MLs with an organic absorber layer can help to enhance the photon harvesting and detection
capabilities of TMDC based devices while maintaining the monolayer nature of the TMDC.
A prerequisite is that the excitation energy deposited in the organic absorber is transferred
to the TMDC layer. Two processes are possible, namely Forster-type resonant energy trans-
fer (FRET) or excited state charge transfer. The occurrence of these processes at a few
TMDC /organic interfaces has already been shown.®® In the FRET-process, electron-hole
pairs, e.g. excitons, excited in the organic layer are converted to excitons in the TMDC
layer where they can contribute to the photoconductivity. FRET requires spectral overlap
between the TMDC absorption and the molecule’s PL. Consequently, also the absorption
of the molecular layer will overlap with the TMDC absorption. In such a configuration, an
increase of the overall absorption cross section of the structure can be achieved.® The charge
transfer route requires a staggered (type II) energy level alignment at the TMDC/organic
interface with sufficiently large energy offsets between the frontier molecular orbital levels
and the valence and conduction band edges of the two-dimensional semiconductor to drive ef-
ficient exciton dissociation. Overlap of the optical spectra is not required. Therefore, besides
an increase of the overall absorption cross section also an extension of spectral sensitivity

range for photodetection to regions, where the TMDC ML does not absorb, can be achieved



by proper choice of the molecules.

In the present work we follow the charge-transfer approach and combine a metal-free
phthalocyanine (HyPc) with a MoS; ML. Phthalocyanine (Pc) and its metal derivatives
(metal-Pc), commonly used in organic photovoltaic devices and distinguished by their ex-
cellent chemical stability, have recently been discussed to undergo charge transfer inter-
actions with various TMDCs (MoSs, MoSes, VVSeQ).lO’17 Their foreseeable potential for
enhancing the photoresponse in TMDC-based phototransistors merits an in-depth investi-
gation of the charge transfer processes and the mechanisms of the photocurrent generation
at TMDC /phthalocyanine interfaces. In this study, we determine the electronic structure
of the HyPc/MoS, hybrid interface with direct and inverse PES and find that ground state
charge transfer can be ruled out, while excited state charge transfer is possible due to a type
IT energy level alignment at the HoPc/MoSs hybrid interface with energy offsets larger than
the exciton binding energies in both materials. Indeed, continuous-wave and time-resolved
PL spectroscopy reveal efficient exciton dissociation at the hybrid interface, resulting in the
generation of a charge-separated state with the hole residing in HoPc and the electron in
MoS,. The subsequent generation of free charge carriers is evidenced by photocurrent action
spectroscopy of reference single-component and hybrid HyPc/MoSs photodetectors. The
spectra demonstrate that in the hybrid device the photoresponse of the MoS, ML is strongly

enhanced and furthermore extended into spectral regions where the TMDC is transparent.

Experiment

Photoemission spectroscopy: Ultraviolet (UPS) and X-ray (XPS) photoemission spec-
troscopy were performed using a Phoibos-100 spectrometer using a He discharge lamp (21.2
eV) and a Mg X-ray anode (1253.6 €V), respectively, as excitation sources. For the measure-
ment of the secondary electron cutoff (SECO) the sample was biased at -10 V to clear the

analyzer work function. The inverse photoemission (IPES) measurements were conducted



in the isochromat mode, using a low-energy electron gun with a BaO cathode and a band
pass filter of 9.5 eV (SrFy + NaCl). Prior to the measurements, the MoS; MLs on SiO,
(2D Semiconductors) were annealed at 300 °C over night in UHV. Subsequently, the HyPc
was evaporated from resistively heated quartz crucibles and the measurements performed in
situ for different molecular coverages. UPS and IPES spectra of the pristine MoS,y surface
were recorded at an emission and incident polar angle of 36° and 70°, respectively, to probe
the K-point,® while for the MoS,/H,Pc interfaces the spectra were recorded only at normal
incidence probing the I'-point.

Continuous wave (cw) and time-resolved PL spectroscopy: The experiments were
performed at a u-PL set-up using laser diodes (Picoquant) emitting at 2.21 eV and 1.95
eV as excitation sources. The average intensity was 14 kW /cm? for cw and 24 kW /cm? for
time-resolved measurements (80 MHz pulse repetition rate). PL transients were recorded
employing time-correlated single photon counting. MoS; MLs were grown by pulsed thermal
deposition on SiO, substrates.'® Reference MoS, and hybrid MoS,/HsPc were prepared by
vacuum deposition of a 1 nm-thick HyPc film through a shadow mask on a MoS; ML to
define covered and uncovered areas. For the measurements, the samples were transferred
without contact to ambient atmosphere to a measuring chamber evacuated to 5-107° mbar
to prevent photooxidation of HyPc under intense laser irradiation as well as to slow down
the dewetting of the layer.

Photocurrent action spectroscopy: Hybrid MoSs;/HyPc as well as reference HyPc-only
and MoS,-only photodetectors were prepared on SiOs substrates coated with a benzocy-
lobutene (BCB)-based polymer layer. The BCB layer was prepared from a solution of cy-
clotene 3022-35 (Dow chemicals, diluted with 2 parts mesitylene) by spin coating onto a
SiO, substrate. Cross-linking of the BCB molecules is achieved by annealing at 270 °C for
ten minutes in a nitrogen-filled glovebox. Subsequently, thin gold electrodes with a distance
of 30 nm were deposited via evaporation through shadow masks. Continuous MoS,; MLs of

1 x 1 em? size (2D Semiconductors) were transferred via a polystyrene-based wet transfer



process onto the BCB layer with the predeposited contacts following the recipe described
in literature.?° The hybrid photodetector was finished by evaporation of a nominally 3-nm-
thick HyPc film onto MoS,. In the reference MoSs-only photodetector, the HoPc layer was
omitted. The reference HyPc-only photodetector was prepared by deposition of a nominally
3-nm-thick layer on BCB. Photocurrent action spectra were recorded illuminating the devices
by a tungsten/halogen light source (Spectral Products ASBN-W 150F-L) attached to a dual
grating monochromator (Digikrém CM110), and modulated by a chopper. The photocurrent
signals were pre-amplified using a low noise transimpedance amplifier (Femto, DLPCA 200)
and extracted using a lock-in amplifier (Perkin Elmer 7265 DSP). The photoresponse was

calculated by dividing the photocurrent signal by the wavelength-dependent light power.

Results and discussion

A prerequisite for the understanding of charge transfer processes at interfaces between MoS,
and HyPc is a precise knowledge of the energy positions of the occupied and unoccupied
levels of the two materials when brought into contact. Therefore we discuss the results of
the PES first. Since the bandgap of TMDCs depends on the dielectric environment,?! the
choice of the substrate will influence the energy level alignment of the hybrid interface as well.
Here we use SiOs, as it is typically used as gate dielectric in hybrid phototransistors.®1?
Figure 1a and b show the SECO as well as UPS and IPES for incremental depositions of
HyPc on MoS,. In order to properly determine the energies of the valence band maximum
(VBM) and the conduction band minimum (CBM) of the pristine MoS, surface, UPS and
IPES recorded at the K-point of the Brillouin zone are depicted.®?? Since band dispersion
in HyPc is negligible, the measurements of the MoS,/HyPc interfaces were performed at
normal incidence only, probing the I'-point. In addition, no valence band distortions of

MoS, are expected upon deposition of the molecules according to an earlier work about

the interface between a molecular dopant and a MoS, ML, suggesting that any momentum



line cut will provide the same information in terms of energy and feature of the density
of states.? The SECO positions and all binding energy onsets were determined from the
intersection of two straight lines defined by the baseline and the linear region of the spectra
slope. The work function ¢ of the bare MoS; ML is found to be 3.9 eV. Upon deposition of
0.5 nm of HyPc, ¢ increases only slightly by 80 meV and then stays constant upon further
increase of the organic layer thickness (Fig. 1a). The level onsets of the valence features
are found at binding energies of 1.8 eV for the MoS; VBM and 0.9 €V for the HyPc highest
occupied molecular orbital (HOMO) below the Fermi level (Fig. 1b), yielding ionization
energies of 5.7 eV and 4.9 eV for MoS, and HsPc, respectively, in agreement with previous
reports. 24?5 No energy shift of the valence features is observed with increasing organic layer
deposition. The positions of the unoccupied levels are derived from IPES. Here, the level
onsets are found at 0.3 eV for the MoS; CBM and at 1.3 eV for the HyPc lowest unoccupied
molecular orbital (LUMO) above the Fermi level (Fig. 1b). The core levels are investigated
by XPS. No energy shift of the core level features is observed as a function of the organic
layer thickness as exemplary shown for the Mo 3ps/; and the N 1s spectra in Fig. lc (see
supporting information for the Mo 3d and S 2p spectra). The insignificant change in the
work function and the absence of any shift in the valence and core level features are clear
indications that ground state charge redistribution at the MoS, /HyPc interface is negligible.
The occurrence of ground state charge transfer has recently been controversially discussed
at the zinc phthalocyanine/MoS, interface.'®7 At the present MoS,/H,Pc interface it can
be ruled out. On the other hand, the prerequisite for excited state charge transfer is fulfilled
as immediately apparent from the energy level diagram depicted in Fig. 2. The MoS,/HyPc
interface forms a type II heterostructure with energy offsets between the occupied and the
unoccupied levels amounting to 900 meV and 1 eV, respectively. Therefore, electron transfer
from the HoPc LUMO to the MoS, conduction band as well as hole transfer from the MoS,
valence band to the HoPc HOMO is energetically favorable.

To investigate excited state charge transfer at the MoS, /HyPc interface, continuous-wave
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Figure 1: Evolution of the work function ¢ (a) and of the occupied and unoccupied levels (b)
at MoS,/HoPc interfaces with increasing HoPc coverage. The MoSs spectra were recorded
at the K-point to obtain the positions of the VBM and the CBM, while the HyPc spectra
were measured at the ['-point since band dispersion is negligible in the molecular layer. The
HOMO and LUMO as well as VBM and CBM positions are indicated by dashed lines. The
inset shows a magnification of the VB region at the I'-point. To obtain a more accurate CBM
onset, the IPES spectra were deconvoluted.!® The raw data are reported in the Supporting
Information. The error of the deduced binding energies is £50 meV. (c¢) Mo 3ps/; and N 1s
core level spectra for incremental deposition of HyPc.
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Figure 2: Energy level diagram of the MoS, /HyPc interface derived from UPS and IPES.



and time-resolved PL measurements were performed. Prior to the discussion of the hybrid
interface, the optical properties of the individual constituents are presented (see Fig. 3a).
The absorption spectrum of the HyPc layer on SiO, is comprised of the Soret band > 3 eV
and the Q-band with two main features at 1.94 ¢V and 1.78 ¢V and a shoulder at 2.14 ¢V.26
The spectrum is similar to that reported previously for the HyPc a-phase.?”? Compared
to the spectrum in solution, the ()-band absorption is blue-shifted and broadened due to
aggregation.?”?® The high energy shoulder has been previously assigned to a transition with
charge transfer character in metal-Pc films.? The weak PL signal at 1.4 ¢V originates from
the Q-band. The MoS, absorption spectrum features the A, B and C' excitonic transitions
at 1.91 eV, 2.05 eV and 2.90 €V, respectively. The comparison of the absorption spectra
shows that the optical gap of HyPc is smaller than that of MoS,. This is in contrast to the
single particle gap derived from UPS and IPES, which is slightly larger for HyPc (see Fig.
2) as a result of the larger exciton binding energy in the organic material. The comparison
of the optical gap derived from absorption measurements and the single particle gap yields
exciton binding energies of ca. 420 meV for HoPc and ca. 220 meV for MoS, in the present
configuration. The PL originating from the A excitonic transition of the TMDC overlaps
well with the @-band absorption of the molecular layer (see Fig. 3a). Therefore, FRET from
MoS; to HyPc is possible while in the other direction it is prohibited.

The PL and absorption spectra of the MoSs/HsPc hybrid structure are shown in Fig.
3b. The hybrid structure was obtained by covering half of the area of the MoS, reference
sample with HoPc. The PL shows two distinct peaks stemming from HyPc (1.42 €V) and
MoS, (1.89 e¢V). The PL peak of HoPc on MoS; is shifted to lower energies by ca. 30 meV
with respect to the spectrum recorded on SiOs while the MoS, PL is slightly broadened but
with the peak energy not shifted. At a first glance, the absorption spectrum of the hybrid
sample appears to be a superposition of the absorption of the individual components. A
closer inspection of the spectrum reveals, however, that the absorption in the region of the

low-energy feature of the (Q-band is enhanced. This becomes clearer by taking the difference



of the absorption spectrum of the hybrid structure and the bare MoS, layer (see Fig. 3b and
for comparison the HoPc absorption in Fig. 3a). A similar observation has previously been
reported at MoSs /HaPc and other MoS, /metal-Pc interfaces and assigned to a charge transfer
absorption involving a transition from the Pc’s HOMO to the MoS, conduction band.!6:3°
However, according to our PES experiments, the energy gap of this transition is 1.2 eV only,
i.e. the charge transfer absorption should set in at much lower energy. This is in agreement
with recent two photon photoemission spectroscopy on ZnPc/MoS, interfaces which reveal
a relaxed charge transfer state with an energy of ca. 1.2 eV.!" Furthermore, charge transfer
transitions across hybrid interfaces have typically much lower oscillator strengths than the
allowed optical transitions in the constituent materials.3! HyPc molecules can crystallize in
two principle phases, the so called a- and S-phase.?™?® The phases possess slightly different
absorption spectra. In particular, the low energy feature of the ()-band gains oscillator
strength and slightly red-shifts in the S-phase and thus bears resemblance to the difference
spectrum in Fig. 3b. It therefore seems more natural to explain the change in the absorption
spectrum with a different packing of the HoPc molecules on SiOy and MoS; rather than to
invoke the absorption of a hybrid charge transfer state.

Exciton dissociation at the MoSy /HsPc interface should manifest itself in a shortening of
the PL decay time since an additional decay channel for the excitons is generated. The PL
decay in the present MoSy ML is comparable to the instrument response function (IRF) of the
time-correlated single photon counting set-up (see Fig. 3c). Therefore, only the dynamics of
HyPc excitons can be probed. Comparing the PL transients of HoPc in the hybrid structure
and the reference sample, a clear shortening of the decay time from 7 = 217 ps (on SiO,)
to Thyp < 34 ps (on MoS,) is observed (see Fig. 3c). Since the PL decay of the hybrid
sample is close to the IRF, the derived value for 7,1, has to be regarded as an upper bound.
The effective efficiency of the exciton dissociation amounts thus to 7 =1 — Ty, /Trer > 0.85
with an effective time constant of the exciton quenching of < 50 ps. These effective values

do not represent the electron transfer from the HoPc LUMO to the MoS, conduction band
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only but include also the exciton diffusion to the hybrid interface. According to pump-probe
measurements, the electron transfer can be as fast as < 320 fs.16
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Figure 3: (a) Absorbance (solid lines) and PL (dashed lines) spectra of reference samples of
a 3-nm thick HyPc film (green) and of a MoSs ML (red) on SiO, substrates. The PL spectra
were obtained exciting the samples at 1.95 eV and 2.21 eV for HyPc and MoS,, respectively.
(b) PL (dashed blue line) excited at 2.21 ¢V and the corresponding absorption spectrum
(solid blue line) of the MoSy/HyPc hybrid structure on SiOy. The HoPc layer thickness is
dp,pc = 1.0 nm. The green line represents the difference of the absorption spectra of the
hybrid structure and the MoS, sample before the deposition of HyPc. (c) PL transients
of HyPc in a reference sample on SiOy with a layer thickness of dy,p = 1.0 nm (green
dots) and in the MoSy/HsPc hybrid structure (blue dots). The excitation energy is 1.95
eV. The instrument response function (IRF) is shown as well (gray). The solid lines are fits
to the data by convoluting exponential transients N (t) with two components with the IRF
according to I(t) = fot IRF(t)N(t —t')dt'. The lifetimes given in the text are time averages
over these decay curves 7 = [t - N(¢t)dt/ [ N(t)dt. The inset depicts the charge transfer
from HyPc to the MoS, conduction band after photoexcitation of the sample.

For the generation of free charge carriers, exciton dissociation and charge transfer across
the hybrid interface is only the first step. As an intermediate state, coulombically bound
electron-hole pairs are likely to be formed. These so-called charge transfer excitons have been

31,32 More recently, indications for their oc-

observed at various inorganic/organic interfaces.
currence also at an organic/TMDC interface have been found.?® Only when the charge
transfer excitons dissociate, free charge carriers are formed and a photoconductive response
is generated. To probe the efficiency of this process, hybrid MoS, /HyPc as well as reference
HyPc- and MoS,-only photodetectors were prepared. The design of the hybrid device is de-

picted in Fig. 4a. The hybrid and reference devices were prepared on SiO, substrates coated

with a benzocylobutene (BCB)-based polymer layer. This layer was introduced to avoid the
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formation of charged trap states which are commonly observed at MoS,/SiO; interfaces and
manifest themselves in a persisting photocurrent lasting for up to hours.?*3% These trap
states have been shown to override the photoresponse stemming from the TMDC/organic
interface. ' Since the dielectric constants for SiOy (3.7-3.9) and the BCB polymer (ca. 2.5-
2.6)10 are similar, the energy level alignment at the hybrid interface presented in Fig. 2 will
be valid also for the devices. Photocurrent action spectra were recorded under external bias
of the structure employing a modulation technique which guarantees that any residual con-
tribution of persistent photoconductivity is removed from the spectra. The photoresponse
spectra of the HoPc/MoSs hybrid and the MoS, reference photodetectors are shown in Fig.
4b. Whereas the photoresponse of the sole MoS, directly follows the absorption spectrum of
MoS,, additional features are clearly visible in the hybrid MoS;/HyPc device. Their origin
becomes evident when taking the difference AR = Ryy1, — Ryer of the photoresponse spectra
of the hybrid (Ryy,) and reference (Ryer) MoSy-only device. The difference spectrum follows
nicely the absorption spectrum of HyPc on MoSs (see for comparison Fig. 3b) with the con-
tributions of the - and Soret bands clearly visible. The features can thus be assigned to a
photoconductivity contribution arising due to absorption in the HyPc layer. Since the HyPc
is a photoconductor by itself, the contribution could be due to the formation of a second pho-
toconducting channel through the HyPc layer of the device. However, no photoconductivity
signal could be detected in the HyPc-only device on a BCB covered SiO, substrate. The
reason for this negative result becomes apparent when inspecting the HyPc film morphology
on MoS, in the AFM image in Fig. 4c (on BCB, see Supporting Information). The HyPc
film is discontinuous, consisting of three-dimensional islands with an average height of 5 nm.
In such a film only few conductive paths can form so that the photocurrent signal falls below
the detection limit. Most likely, the observed film morphology is a result of dewetting of the
HsPc layer. Such dewetting of initially two-dimensional films is commonly observed in very
thin molecular films on various insulator substrates (including MoS,), in particular after air

exposure.*42 For the purpose of the present study focusing on photocarrier generation by
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charge transfer interactions at the hybrid interface, the three-dimensional film morphology
of HyoPc is beneficial, since the photoconduction within the organic layer has not to be ac-
counted for. Therefore, no measures were taken to achieve homogeneous HyPc layers. The
excitation density in the spectral range of the HoPc absorption is < 0.1 mW /ecm? which
corresponds to a very low exciton density of < 5-10% excitons/cm? generated in the organic
layer. While after dissociation, the electrons contribute to the photoconductivity in MoSs,
the holes are trapped in the molecular islands. The effect of the trapped holes on the poten-
tial profile across the HoPc/MoS, interface is, however, negligible due to their low density.
For practical device applications, continuous two-dimensional HoPc layers are nevertheless
desirable. In this way, also the HsPc layer could contribute to the photoconductivity of
the device. Furthermore, the absorption of the device could be enhanced since the nominal
organic layer thickness could be increased to match the exciton diffusion length in HyPc.

The reported values in the literature range from 6.5 nm to 12 nm.*?
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Figure 4: (a) Schematic design of the hybrid HoPc/MoS, photodetecting device. The HaPc
layer thickness is dp,pc. = 3.0 nm. (b) Photoresponse of the hybrid (blue) and the reference
MoSs-only (red) device. The spectra were normalized at the spectral position where HaPc
does not absorb, i.e. between 2.5-2.55 ¢V. Difference of the spectra of the hybrid (Ryy1,) and
reference (Ryer) device AR = Ry, — Ryer (green). (c) AFM image of the morphology of a
nominally 3-nm-thick HyPc film on MoS,. The actual coverage is 0.85. The height scan was
taken along the thin white line.

The observed excited state charge transfer increases the concentration of carriers n di-
rectly photogenerated in MoS, and with that its photoconductivity o = enp with p being the

mobility of the carriers. The contribution of the dissociated HoPc excitons to the enhance-
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ment of the photoconductivity can be estimated from the photoresponse spectra of the hybrid
and reference device normalized at a spectral position where HyPc does not absorb (see Fig.
4c). The normalization guarantees that the contributions of hole and /or exciton transfer from
MoS, to HoPc are removed. At low excitation densities used in the present experiments, the
ratio of indirectly An (via absorption in HoPc and subsequent electron transfer) to the di-
rectly n (via absorption in MoS,) produced carriers is An/n = miom,pe/ (Ma0mos, ). OMos, and
ap,pe are the absorption coefficients of the respective layers and nq (7;) the quantum yields
of the photocarrier generation via the direct (indirect) process. Under the assumption that
the carrier mobility in MoS, does not change upon deposition of the molecules, which is rea-
sonable since no signs of ground state electronic interactions were detected, An/n = Ac /o
holds. Comparing the photoresponse spectra of the reference and hybrid device in the spec-
tral region of the lowest ()-band transition of HoPc and the A excitonic transition in MoS,,
the ratio An/n is roughly one. The absorption spectra in Fig. 3a also yield am,pe/amos, =~ 1
(see Fig. 3a), which implies that the quantum yields of the photocarrier generation of the

direct and indirect process are comparable in the present device configuration.

Conclusions

The presented experimental data demonstrate that the photoresponse of ML.-MoS, in hybrid
MoS, /HsPc photodetectors is strongly enhanced and furthermore without loss in sensitivity
extended to spectral regions were the TMDC is transparent. The observation is explained by
the staggered type Il energy level alignment at the hybrid interface facilitating efficient exci-
ton dissociation and excited state charge transfer with the holes residing in the HoPc HOMO
and the electrons in the MoS; conduction band. In hybrid photodetectors, these transferred
charges increase the concentration of carriers in MoS,; and with that its photoconductivity.
In the present configuration, the quantum yields of the photocarrier generation by direct

absorption in MoS, and by absorption in HyPc followed by excited state charge transfer are
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comparable (nq ~ n;). This result can be further improved. In the studied devices, the
HsPc film is not homogeneous but consists of three-dimensional islands. However, only the
molecules in close proximity can engage in fast charge transfer.** It is furthermore well-known
that the orientation of the molecules with respect to the interface and the crystallinity of
the molecular film have strong impact on the excited state charge transfer.*> It can therefore
be expected that optimization of the growth of HoPc on MoS, enables even 7; > nq4 for this
material combination. This can be achieved by a proper adjustment of the deposition rate
and the substrate temperature, since these parameters determine the nucleation density in a
diffusion-mediated growth process, and thus, the smoothness and crystallinity of the organic
layer. In the present photodetector the spectral sensitivity range is extended by 250 meV
towards smaller photon energies. By choice of molecules with smaller optical gap than HyPc,

the range can easily be further expanded and true functionality added to the TMDC.

Supporting Information Available

XPS Mo 3d and S 2p core level spectra of the MoSs/HyPc interface, IPES raw data and
a comparison of AFM images of HyPc on BCB and MoS, are available in the supporting

information.
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