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Fast Photoresponse from Hybrid Monolayer MoS,/Organic

Photodetector

Meysam Raoufi, Steffen Riihl, Sreelakshmi Chandrabose, Atul Shukla, Bowen Sun,

Emil-List Kratochvil, Sylke Blumstengel, and Dieter Neher*

As a direct-bandgap transition semiconductor with high carrier mobility,
monolayer (ML) transition metal dichalcogenides (TMDCs) have attracted
significant attention as a promising class of material for photodetection. It is
reported that these layers exhibit a persistent photoconductance (PPC) effect,
which is assigned to long-lasting hole capture by deep traps. Therefore, TMDCs-
based photodetectors show a high photoresponse but also a slow response.
Herein, intensity-modulated photocurrent spectroscopy (IMPS) with steady-state
background illumination is performed to investigate the photoresponse dynamics
in a hybrid photodetector based on ML MoS; covered with an ultrathin layer of
phthalocyanine (H,Pc) molecules. The results demonstrate that adding the H,Pc
layer speeds up the photoresponse of the neat ML-MoS; photodetector by almost
two orders of magnitude without deteriorating its responsivity. The origin of
these improvements is revealed by applying the Hornbeck—-Haynes model to the
photocarrier dynamics in the IMPS experiment. It is shown that the improved
response speed of the hybrid device arises mostly from a faster detrapping of
holes in the presence of the H,Pc layer, while the trap densities remain rather
unchanged. Meanwhile, the additional absorption of photons in the H,Pc layer
contributes to photocarrier generation, resulting in an enlarged responsivity of

1. Introduction

Monolayer (ML) transition metal dichalco-
genides (TMDCs) are being intensively
investigated due to their excellent physical
and chemical properties. Among TMDCs,
molybdenum disulfide (MoS,) possesses a
relatively high carrier mobility!"! and strong
light absorption, offering great potential for
optoelectronic applications such as sensitive
and broadband photodetectors.>® Several
reports have shown that ML-MoS; exhibits
persistent photoconductance  (PPC).’9
PPC is alight-induced conductivity that lasts
for longer durations after photoexcitation,
sometimes even for days. As the free carrier
recombination in ML-MoS, is fast, usually
at the subnanosecond scale, the origin of
PPC is attributed to trapping of one of the
carriers, therefore increasing the effective
lifetime of the opposite charge. The origin
of these traps has often been assigned to

the hybrid device.

M. Raoufi, S. Chandrabose, A. Shukla, B. Sun, D. Neher
Institute of Physics and Astronomy

University of Potsdam

14476 Potsdam, Germany

E-mail: neher@uni-potsdam.de

S. Ruhl, E.-L. Kratochvil, S. Blumstengel

Institut fiir Chemie

Institut fiir Physik and IRIS Adlershof
Humboldt-Universitit zu Berlin

Zum Groflen Windkanal 2, 12489 Berlin, Germany

E.-L. Kratochvil
Helmholtz-Zentrum Berlin fiir Materialien und Energie
Hahn-Meitner-Platz 1, 14109 Berlin, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssa.202300107.

© 2023 The Authors. physica status solidi (a) applications and materials
science published by Wiley-VCH GmbH. This is an open access article
under the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

DOI: 10.1002/pssa.202300107

Phys. Status Solidi A 2024, 221, 2300107 2300107 (1 of 8)

extrinsic reasons including carrier trapping

by the substrate!™) and on adsorbates.'2**

In contrast, Turchanin and co-workers

reported that extrinsic factors may play a
minor role and attributed carrier trapping to intrinsic localized
states in the forbidden gap arising from defect sites.l” They further
concluded that crystal lattice defects and lattice strain lead to large
spatial fluctuations of the potential energy of carriers. These fluc-
tuations introduce a spatial separation of photogenerated carriers
where electrons (holes) accumulate in the minima (maxima) of the
potential energy landscape, resulting in the prolongation of their
recombination time. Irrespective of the reasons, this process can
significantly improve the photosensitivity of the detector but also
limit the response speed of the device. Various approaches of
defect engineering have been used in ML MoS, to enhance the
dynamic response; however, most of these approaches lead to a
strong reduction in photosensitivity due to the elimination of
the trap-induced gain mechanism."”!

Several studies combined ML-TMDCs with organic semicon-
ductors in hybrid Van der Waals heterostructures to improve the
performance of the photodetectors. Zhenhua Ni and co-workers
demonstrated improved response time and responsivity of the
ReS,-based detector via molecular decoration with an organic
chromophore, protoporphyrin. The protoporphyrin layer was
proposed to passivate deep traps, allowing the device response
speed to be dominated only by carrier recombination and shallow
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traps.'® In a similar work, Lee et.al reported a shorter decay time
of a hybrid ML-MoS,/copper (II) phthalocyanine (CuPc) detector
in comparison to that of pristine ML-MoS,. They deduced that
the thin layer of CuPc prevents adsorption of oxygen on the sur-
face of MoS, layer, which induces faster response times. Also,
the higher responsivity of the hybrid heterostructure was attrib-
uted to interfacial photogenerated charge transfer.'”'® Apart
from CuPc and protoporphyrin, zinc phthalocyanine (ZnPc)
on ML MoS, has also been demonstrated to introduce an inter-
facial charge transfer channel, which suppresses the slow minor-
ity carrier trapping to the inherent trap states in MoS, and the
substrates, resulting in an accelerated response speed.'”) They
achieved simultaneous improvement in photoresponsivity and
response time by combining dielectric passivation and a gate
modulation method."For a brief overview of the compared
characteristics of the aforementioned devices, please refer to
Table S1, Supporting Information.

Related to this, an important question is how the addition of
organic semiconductors affects crucial properties such as the
trap density and the trapping—detrapping dynamics. A popular
approach to explain the PPC in neat TMDCs and hybrid hetero-
structures is the Hornbeck—-Haynes model. Here, electrons are
assumed to be the mobile carriers (dominating the photocurrent)
while holes become localized on traps which are not accessible to
electrons. As a consequence of trap filling, the photosensitivity
and the response time are predicted to depend on the illumina-
tion intensity in a characteristic way. This has been used in the
past to gain information on the trap density and the rates for
trapping, detrapping, and recombination. To access these param-
eters, it is common to measure the rise and decay of the photo-
current upon illumination with a rectangular intensity profile,
where the intensity in the on-state is systematically increased.
This “large-signal” approach has, however, the disadvantage that
the trap occupation, which determines the device response,
changes itself during the signal rise and decay.””
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In this work, we use a different approach, namely, intensity-
modulated photocurrent spectroscopy (IMPS) in combination
with steady-state background (BG) illumination. By applying
the Hornbeck—Haynes model to this illumination scheme, we
show that the detrapping rate can be separately determined from
the other kinetic parameters. We apply this approach to neat ML-
MoS; and a bilayer with a 3 nm-layer thickness of the hydroge-
nated phthalocyanine (H,Pc). Using a lateral two-point device
architecture instead of a transistor, we avoid contributions from
photogating.*!! We show that the presence of H,Pc layer on
MoS, simultaneously improves the photoresponsivity and
response speed of detector. As such, the hybrid device exhibits
improved sensitivity at higher frequency and over a wider spec-
tral range. Interestingly, the detailed analysis of the IMPS as a
function of frequency and BG illumination intensity reveals sim-
ilar trap densities for the neat MoS, and hybrid samples, ruling
out trap passivation as the reason for the faster response of the
bilayer device. Instead, we identify faster detrapping of holes in
the presence of the organic layer as the dominant reason for
improved response speed. Our results provide vital information
for the future development of TMDC/organic heterojunction-
based photodetectors.

2. Results

2.1. Device Layout and Basic Optoelectronic Properties

We fabricated photodetectors with bare ML-MoS; and a hybrid
structure with the ML-MoS, coated by a 3 nm-thin layer of
H,Pc. The H,Pc molecule was chosen specifically due to its high
chemical stability. Furthermore, according to the reported energy
diagram,®!! shown in Figure 1a, there is proper energy offset
between the occupied and the unoccupied levels and as a conse-
quence sufficient driving force for exciton dissociation and
interfacial charge transfer. A previous study of steady-state

top view
E
= side vi;;
||| voltage //////// signal |
Au Au
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Figure 1. a) Energy-level diagram of the MoS,/H;Pc interface and b) scheme (top and side view) of the ML-MoS,/H,Pc van der Waals heterojunction
photodetector with a 3 nm H,Pc layer. The ML-MoS; is composed of molybdenum atoms (blue spheres) which are sandwiched between two layers of

sulfur atoms (gold spheres).
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photoluminescence (PL) spectroscopy demonstrated efficient
exciton dissociation across this hybrid interface.”??*! In addition,
ultrafast charge transfer between ML-MoS; and H,Pc, monitored
via the transient absorption spectroscopy technique, has been
reported 242’

The sample design for the heterojunction-based photodetector
is schematically illustrated in Figure 1b. The active area between
two electrical contacts (Au) is around 0.03mm?. As pointed out in
the introduction, we prefer the two-point lateral device over a
phototransistor because photogating is absent.!*"!

Figure 2a shows the incident photon to collected electron con-
version efficiency (IPCE) spectra of the neat MoS, and the hybrid
device, measured at 10 Hz. All IPCE measurements were done
on the same ML-MoS, before and after H,Pc layer deposition.
The absolute IPCE value was calculated from measured modu-
lated current of the devices and a Si detector as a reference. The
IPCE spectrum of the ML-MoS, device follows the absorption
spectrum, with the characteristic excitonic transitions of A-exciton
and B-exciton at 607 and 654 nm, respectively. The IPCE spec-
trum of the hybrid displays the same features superimposed
by a broad absorption which we assign to H,Pc (see Figure 2b
for the spectrum of H,Pc on quartz). For further analysis, we
subtracted the bare ML-MoS, absorption spectrum from the het-
erostructure spectrum to obtain the spectrum of the H,Pc on the
actual ML-MoS,, see Figure 2c. The spectral difference compared
to the spectrum in Figure 2b can be attributed to different pack-
ing of H,Pc on the ML-MoS,.*? To provide a more detailed
explanation, we performed a quantitative analysis to determine
the individual contributions of the neat ML-MoS, and H,Pc to
the IPCE spectrum. This involved reconstructing the IPCE by
superimposing the absorption spectra of the neat ML-MoS,
and H,Pc (on MoS,). This reconstruction is shown with a black
line in Figure 2d. According to our analysis, the H,Pc layer
(which makes up 57% of the hybrid device) has a greater impact

Www.pss-a.com

on photogeneration than the ML-MoS,; layer (which makes up
43%). This is because the H,Pc layer has a stronger and broader
absorption spectrum compared to the ML-MoS, layer. Our find-
ings indicate that the increased absorption provided by
the organic layer is the main reason for the higher IPCE in
the hybrid device.

Importantly, the IPCE of the ML-MoS, approaches unity while
the heterostructure-based device even exhibits this value. This is
a clear feature of photoconductivity gain. We assume in the fol-
lowing that electrons dominate the photocurrent. In the ideal
case, every electron leaving the layer through one of the electro-
des is replenished by an electron from the other electrode. Then,
the electron density in the sample is determined by the
dynamic generation-recombination equilibrium: G = R = — ¢ =
An/z. or An = 7,G. Here, G and R is the charge generation and
recombination rate, respectively, An is the photogenerated excess
electron density, and 7, the free electron lifetime. The IPCE can
then be related to the external quantum efficiency of photogen-
eration 7., and the free carrier mobility, . via

E Lari
IPCE = 70 M7= = o =8 M

where E is the electric field, L is the length of the active channel,
and Lysg = petoE is the drift length (for more details, see Note
S1, Supporting Information). According to this equation, photo-
conductivity gain is observed when Ly, exceeds L, which for the
given channel length and under realistic conditions is only pos-
sible if 7, is of the order of milliseconds or more. A prediction of
Equation (1) is that the photoconductivity gain and with this
IPCEis proportional to the applied voltage. This is indeed the
case for our samples, as shown in Figure S1, Supporting
Information. Notably, the shape of the ICPE spectrum is not
affected by the applied voltage. This means that the very same

(@) 3.0 . . . (b) o010 T e NeatHyPc
. 633 nm Chopper frequency: 10Hz
25 A : @ Neat MoS, 0.05
E @  MosS,/H,Pc .S
. : S 0.00
20 : 1 ©F N A
H E 0.15 © Neat MoS,
H < = Diffrence (MoS,/H,Pc-MoS,)
1] 154 1 A ] . ‘ 2/ T2 2.
5) ' 0.10 .
o ! >
- B-exciton , ' . 0.05+
1.0 A-exciton i
‘ 0.001 "
(d) i 1 T @ MoS,/HP¢
0.54 3 @ Diffrence (MoS,/H,Pc-MoS,H
w
g
0.0 =

550 600 650 700 750 800 850 900
Wavelength (nm)

550 600 650 700 750 800 850
Wavelength (nm)

Figure 2. a) IPCE spectrum of a neat ML-MoS; and a ML-MoS,/H,Pc hybrid device. Measurements were performed under N, atmosphere and devices
were illuminated only with chopped light. The arrows show the corresponding positions of the MoS, A- and B-exciton. b,c) Absorption spectra of neat
H,Pc on quartz and of the neat ML-ML-MoS,. Also shown is the difference of the absorption of the heterostructure and the neat ML-MoS, sample, which
is a good approximation of the absorption of H,Pc on the ML-MoS,. d) IPCE spectrum of hybrid device and difference in IPCE of the hybrid device and the
ML-MoS,.The black line along to IPCE spectra of hybrid device is the superposition of the absorption of the neat ML-MoS, and of the H,Pc (on MoS;)
from ©.
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mechanism causes the gain irrespectively whether MoS, or H,Pc
is primarily excited. We also note that the measured dark
current—voltage curve (see Figure S2, Supporting Information)
of the hybrid and ML-MoS, devices display ohmic behavior, indi-
cating the absence of charge injection barriers.

2.2. Intensity-Modulated Photocurrent Spectroscopy (IMPS)

We combine frequency-dependent measurement along with
steady-state BG illumination, as depicted in Figure 3a, in order
to analyze the mechanism behind the PPC for both devices.
Figure 3b presents the absolute IPCE of both devices, mea-
sured without any BG illumination, as a function of modulation
frequency (1Hz-1KHz). The excitation wavelengths were
Aex = 650 nm and 4., = 630 nm for the neat ML-Mo$S, and hybrid
devices, respectively. Both devices show a roll-off of the IPCE
value at high modulation frequencies, which is however signifi-
cantly reduced for the hybrid device. Combined with the larger
absorption, the hybrid device displays a higher photoconductive
gain over the entire frequency spectrum. Figure 3c shows the
IPCE of both devices, measured at a frequency of 120 Hz as a
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function of the BG photon flux density (Ppg). For both
devices, the IPCE approaches a constant value for low intensities
but decreases inversely proportional to ®p¢ for the high intensi-
ties. The latter phenomena are wusually attributed to
hole trapping, where BG illumination fills these traps and accord-
ingly reduces the density of traps available for the persistent
photoconductivity.['*®!

To analyze the photoconductive response dynamics quantita-
tively, we adapted the Hornbeck-Haynes model which is sche-
matically illustrated in Figure 3d. Here, hole trapping is via a
distribution of traps above the valance band (Ey), with the density
N.. Electron trapping is neglected in this model considering the
n-doped nature of ML-MoS, in which the Fermi level (Eg) is close
to the conduction band (E.) edge and, therefore, most of the elec-
tron traps are filled.””! The hole trapping and detrapping
lifetimes are described by 7, and 74, respectively. Further, z,
describes the recombination of electron and hole through
midgap states (Shockley—Read—Hall recombination).?®! Assuming
charge neutrality and strong n-doping, the photoinduced excess
electron density is equal to the sum of the free and trapped hole
density, p and p, respectively : An(t) = p(t) + p(t). We then apply

10 100 1000
Modulated frequency (Hz)
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Figure 3. a) Schematic of the experimental setup with both modulated and steady-state background light. b) IPCE of the device with neat ML-MoS,
(Aex = 650 nm) and hybrid device (4., =630 nm) as a function of modulation frequency. c) Impact of steady-state BG illumination on the IPCE value of
neat ML-MoS; and hybrid device. d) Simplified energy band diagram and possible processes contributing to the photoconductivity mechanism including

generation (G), midgap recombination (z,), trapping (z;), and release (zg).
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a time-dependent charge generation rate,G(t) = Gy + G1€* to
the Hornbeck-Haynes model to yield the zero-frequency and
first-harmonic components of the time-dependent trapped hole
density, p = p, + p1€*. Further assuming, that p(t) < p(t), one
obtains the following equations for the steady-state and first-
harmonic electron excess electron densities.

Ang = py = 74G 2
and
Am(0) = pr(0) = — % G 3
m(w) = =—31
1@ P11\ 1+ ot 1 3)

This is detailed in Note S2, Supporting Information.

Evidently, 7, — — in Equation 2 and 3 has the meaning of

- 1+T,,0§:}—?
a carrier (electron) lifetime, which for zero-background genera-
tion rate (Gy — 0) becomes 7oy = =t = 7, % The second impor-
q KeKd T,
Tq0+7d

tant property is 7 = - which is the response time of the
TN,

device.
There are two important predictions of these equations. First,
the first-harmonic component of the trapped hole density (and
with that of the excess electron density and the photoconductiv-

ity) has a Debye-type dependence on the modulation frequency.
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This allows us to extract the values of 7, and 7 as a function of G,.
Second, 74 and 7 have the same dependence on G, but they differ
in their absolute values. The reason is that both times stand for
two significantly different processes (see Note S3, Supporting
Information). 7, describes the steady-state situation and it is
the ratio of the steady-state excess electron density and the elec-
tron generation rate under BG illumination. In contrast, 7
describes how the device reacts to changes in the illumination
conditions. We will show in the following that 7, and 7 are indeed
rather different for the two samples.

Figure 4a shows the in-phase (X) and out-of-phase (Y) compo-
nents of the IMPS response, measured between 1 Hz and 1 KHz
in the absence of BG illumination. In these measurements, the
response is shown plotted in arbitrary units as the photocurrent
was not calibrated against a Si reference. For the neat ML-MoS,
device, the in-phase component does not level off at low fre-
quency in contrast to the hybrid device, which is indicative of
slower response dynamics in the bare ML-MoS,. According to
Equation (3), the frequency dependence of the IMPS should fol-
low a simply Debye relaxation behavior. However, reasonable fits
to the spectra were only obtained by adopting the simplified
Havriliak-Negami (HN) equation,***% an empirical modifica-
tion of the Debye model which considers a distribution of
response frequencies.
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Figure 4. a) In-phase (X) and out-of-phase (Y) components of IMPS spectra of the neat ML-MoS, sample and the hybrid device versus the modulation
frequency. b) Steady-state device response (Aac), extracted from the data in Figure S3 and S4, Supporting Information, with Equation (4), plotted as a
function of the response time. The arrows presenting the effect of increasing the BG illumination on device response and response dynamics. c) Device

response time (z) as a function of BG illumination intensity. Dashed lines are fits to 7 = ;
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AAC

Rac(w) = 15 (o)

“)

Here, Ryc o« Any = p; is the frequency-dependent IMPS
response, Apc(Rac(w — 0)) is the steady-state response at
zero-frequency modulation, 7 is the device response time as
defined above, and « is a parameter ranging from 0 to 1, describ-
ing the broadness of the spectra.”” The black solid curves in
Figure 4a show the best fits to Equation (4), which very well
reproduce the spectra except of the Y-components at the smallest
frequencies. The extracted device response time is 790 ps and
53ms for the hybrid and neat MoS, devices, respectively.
Apparently, the presence of the organic layer leads to a significant
shortening of the photoresponse dynamics of the device, as
reported by others.

Figure S3 and S4, Supporting Information, show the
frequency-dependent IMPS spectra of the two samples for
different BG illumination intensities. The black solid curves
show the best fits to Equation (4). By increasing the BG light
intensity, the response time of both devices decreases, and the
steady-state detector responsivity reduces. According to
Equation (3), the steady-state device response (Aac) is
proportional to 7g, which bears the same dependence on the
background charge generation efficiency as the device response
(7). Indeed, both decrease in the same way as function of ¢pg
(Figure 4b), as a consequence of reducing the density of available
sites for hole trapping. The dashed line highlights the linear
dependence between the response time and A, as a function
of BG illumination intensity or, alternatively, the linear relation
between response time and free electron density upon changing
BG illumination.

Figure 4c plots the response time of both devices as a function
of the BG photon flux density. The device response time remains
constant under low BG intensities, while it accelerates when
increasing the intensity above a certain value. This dependence
is in accordance with 7 = fj‘:’::ci. To determine 7,9, we combined

49 Ny
the frequency-dependent IMPS response (Figure 3b) with the
IPCE at 120 Hz in the absence of BG light (Figure 3a) to deter-
mine the zero-frequency steady-state IPCE. This yielded a zero-
frequency steady-state IPCE of 2.6 and 3.0 for the neat ML-MoS,
and the hybrid device, respectively. Then, 74y = 7. was gained
through application of Equation 1. Here, we assumed that every
absorbed photon creates a charge, meaning that 7, is equal to
the absorption at the respective wavelength. Finally, an electron
mobility of 1cm?V~'s™" was used, which is typically for ML-
MoS,.”*Y The deduced values are very similar for both devices
(see Table 1), despite the rather different device response. With
the knowledge of 7, the fit of the device response time in

Table 1. Steady-State charge carrier lifetime (z4), detrapping time (zg),
and trap density (N;) as deduced from the application of Equation (1)
and (3) to the data in Figure 2, 4, and S4, Supporting Information.

7q0 [s] 7q [s] Ny [em ™2
ML-MoS, 0.5 x107* 530 x 107* 0.7 x 10'
Hybrid (MoS,/H,Pc) 0.3 x107* 7.6 x 1074 0.4 x 10"
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Figure 4c yields the trap density N;. As for 74, the trap
density for both devices is in the similar range. The deduced
value of ~ 1 x 10 cm™2 is consistent with reported datal*®*?
This finding rules out trap passivation by the H,Pc layer, in
agreement with recent report by Amsterdam and co-workers.**!
The main difference between the two devices lies in the value
of 74, determined from the zero-frequency value of 7 which is
equal to 74g + 4. Here, the hybrid device shows a nearly 100 times
faster detrapping.

3. Discussion

We have shown that the addition of H,Pc layer to ML-MoS,
causes a mild increase of the IPCE but a large improvement
of the response speed. Our analysis shows that the former is
due to the additional absorption by the organic layer, while
the carrier lifetime is essentially the same. Furthermore, we find
rather similar trap densities in both systems. This suggests that
the H,Pc layer neither passivates existing traps in ML-MoS, and
nor does it bypass the trapping. This is in contrast to conclusions
from previous works.***3) It has been shown that H,Pc adopts a
mixed edge-on and face-on orientation, with molecular density of
10 cm 22434 If we assume that every H,Pc molecule is able to
accept a hole (and act as a temporary trap), we predict a trap den-
sity of 10" cm 2. This is much larger than our measured value.
Also, transient absorption spectroscopy showed that the lifetime
of the charge separated state is only 4 ns, too short to cause an
appreciable PPC. Instead, we propose that it's the same
species that causes hole trapping in both the neat and the
hybrid devices and that its intrinsic to ML-MoS, on sapphire.
The main difference between the systems lies in the fact that
detrapping is largely accelerated in the presence of the organic
layer, being the main reason for the improvement in response
speed. This improvement may be attributed to a more
appropriate energy-level alignment between the highest occupied
molecular orbital (HOMO) energy level of H,Pc and the deep
hole trap of ML-MoS,, as schematically shown in Figure 5.
Here, the same deep trap is either occupied by hole trapping
from the MoS, valence band (VB) or from a photogenerated hole
on the H,Pc HOMO. Clearly, the detrapping of holes will benefit
from the presence of the H,Pc HOMO as an intermediate
energy level.

In both scenarios, an important precondition is that the deep
hole traps are not accessible to free electrons in the MoS, VB;
otherwise, fast capture of these electrons by these traps is
expected. A possible explanation is the model of spatially sepa-
rated electrons and holes due to potential fluctuations as pro-
posed by Turchanin and coworkers.”! In this case, another time
range would enter, namely, of the electrons to leave the energy
well and become again accessible to recombine with holes. Since
such potential fluctuations depend on the properties of the
ML-MoS; and its interaction with the substrate, they might play
a similar role in both samples and actually explain the rather sim-
ilar electron lifetimes for both types of devices. The inclusion of
this additional channel will, however, very much complicate the
analytical model and the analysis, which is beyond the scope of
this article.
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Figure 5. The energy band diagram of the neat ML-MoS, and hybrid (MoS,/H,Pc) samples. Arrows show the generation, trapping, transfer, and recom-
bination of charges upon direct ML-MoS, excitation. Presuming that there is one common deep hole trap in both devices, detrapping would benefit from
the presence of the organic HOMO with intermediate energy in the hybrid device.

4, Conclusion

In summary, we show that the presence of organic layer leads to
an improvement in the response dynamics and photoresponsiv-
ity of the hybrid photodetector. The hybrid detector is found to
show broadband spectral responsivity with improvement in the
responsivity at high frequencies. IMPS with variable background
illumination was combined with an analytical model to yield the
processes behind the improved performance. Our findings reveal
similar trap densities and carrier lifetimes for both systems.
We further show negligible trap passivation due to the organic
layer coating; instead, improved response dynamics of the
hybrid system can be attributed to the enhancement in the
detrappping rate.

5. Experimental Section

Material and Sample Preparation: In this study, we used exfoliated ML of
MoS, (ML-MoS;) and organic molecule of phthalocyanine (H,Pc,
C;,H13N3) purchased from Sigma-Aldrich Inc. For the MoS, exfoliation,
ultraflat template-stripped Au was used as exfoliation membrane. MoS,
crystal (2D semiconductors, synthetic MoS, crystal) is cleaved with the
help of Kapton tape and the freshly exposed MoS; surface was pressed
onto the ultraflat gold membrane. After heating at 200 °C for 1 min, the
MoS;-carrying Kapton tape could be removed, leaving MLs on gold
behind. For a detailed description of the process and a full MoS, charac-
terization, see Heyl et al.®® For the transfer, polystyrene (PS, Sigma-
Aldrich, average Mw = 280000) in toluene (Roth, ROTISOLV HPLC)
(80mgmL™") was spin coated onto the exfoliated gold substrates
(3500 rpm, 60's), annealed for 10 min at 80°C. Finally, the PS/MoS,/
Au membrane was etched in Kl/I2 solution (Sigma-Aldrich, “Au etchant,
standard”) to remove the Au layer. The final PS/MoS, was repeatedly
washed in DI water to remove any residual etchant solution and trans-
ferred on the final substrate. The heterostructure photodetector was pre-
pared by depositing the H,Pc (3 nm) layer via thermal evaporation method
under vacuum (p=10""mbar) upon ML of MoS,. The active layer struc-
ture is shown in Figure 1b.
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IPCE and IMPC Measurement: To measure the incident-photon-to-
current-efficiency (IPCE), light from a broadband light source (Philips
Projection lamp Type 7724, 12V, 100W) was chopped and selected
through a monochromator (Oriel Cornerstone 74100) and pointed to
the sample through a fiber and optical objective. The photocurrent signal
preamplifier used a low-noise-current preamplifier (Stanford research
system, ModelSR570) and extracted using a lock-in amplifier (EG&G
Princeton Applied Research Model 5302). A 2400 source meter Keithley
was used to apply 10V bias cross the cathodes (Au). For the steady state
background illumination, samples were illuminated with a continuous-
wave diode laser emitting at 620 nm. We realized that upon light exposure,
the modulated current increased and saturated within the first 20 min,
which may be caused by the desorption of oxygen from the MoS, surface
or between ML-MoS, and sapphire. Therefore, for all the experiments
described in the following, the devices were preilluminated for 30 min with
steady-state light.

Steady-State absorption: An Agilent Cary-5000 UV—vis—NIR spectrometer
was used to record the steady-state absorption spectra of samples over a
range of 200-800 nm. The measurements were carried out in nitrogen
environment.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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