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three covalently bonded atomic sheets, for 
example, S−Mo−S in MoS 2 . The individual 
layers are held together only by van-der-
Waals forces and thus multi- or monolayer 
fl akes can be obtained by mechanical exfo-
liation or ultrasonication. [ 3–5,11,12 ]  In its bulk 
form, MoS 2  is a semiconductor with an 
indirect band gap of 1.2 eV (≈1030 nm). The 
band gap of a monolayer of MoS 2  is direct 
and increases to 1.8 eV (≈690 nm). [ 6,7,10 ]  
Monolayer MoS 2  also shows good electron 
mobilities (up to 200 cm 2  V −1  s −1 ). [ 6 ]  High 
carrier mobilities, large surface area, and 
solution processability make MoS 2  nano-
materials interesting for application in 
photodetectors that rely on fast charge sepa-
ration and transport. [ 8,13,14 ]  Hybrids with 
semiconductor quantum dots (QDs) would 
allow for extending and fi ne-tuning the 
spectral response in the near-infrared. 

 Semiconductor QDs with their size-tunable absorption are 
ideal building blocks for nanohybrid materials and have been 
used as light-absorbing materials in various photodetectors and 
photovoltaic devices. [ 15–24 ]  However, the charge transport in QD-
based optoelectronic devices is challenging. The large number 
of grain boundaries in thin fi lms of QDs increase the probability 
of electron-hole recombination before charges are extracted at 
the electrodes. [ 25 ]  The possibility to enhance charge separation 
and transport by the formation of nanohybrids of QDs and 
high mobility materials in order to obtain highly sensitive pho-
toconductive devices has been recognized and pursued. [ 26–28 ]  
TMDs seem perfect for such nanohybrids. Thin fl akes of MoS 2  
(monolayers or multilayers) could be expected to act as a semi-
conducting support for QDs and to facilitate the transforma-
tion of the photoexcited states of the light-harvesting QDs into 
charge-separated states. Moreover, fewer grain boundaries and 
faster charge transport in MoS 2  fl akes than in conventional 
thin QD fi lms should boost the photosensitivity and shorten 
response times. This concept was applied successfully with QD-
graphene hybrids as active layers in photodetectors [ 28–35 ]  but no 
hybrid materials of semiconducting QDs and any of the other 
layered materials have been used until now. In addition, pro-
cessing conditions and air-stability are important concerns for 
hybrid photodetectors. Wet-chemical processes forming low-
cost solution-processable, air-stable hybrids, without any labo-
rious ligand exchange would be highly advantageous. 

 We chose PbSe-MoS 2  as a hybrid material for the fabrica-
tion of photodetectors. This particular material combination 
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  1.     Introduction 

 Transition metal dichalcogenides (TMDs) are a well-known 
class of layered materials whose properties range from semi-
conducting to metallic and superconducting. [ 1 ]  In recent years 
renewed interest in these materials has developed due to the 
unique optical and electronic properties of their monolayers and 
hence potential for novel applications in optoelectronics. [ 2–10 ]  
In TMDs such as MoS 2  and WS 2 , each layer is composed of 
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is promising with regard to the demand of a direct contact 
between the two materials. Indeed, atomically sharp inter-
faces between cubic (rock-salt) monochalcogenides MX (M = 
Pb, Sn, Sb, Bi, or rare earth metal; X = S, Se, or Te) and lay-
ered dichalcogenides TX 2  (T = early transition metal) are well 
known as part of the large class of misfi t-layered compounds 
[(MX) 1+   δ  ]  m  [TX 2 ]  n   that consist of alternatingly stacked layers of 
the two materials. [ 36,37 ]  Such interfaces show an epitaxial rela-
tionship even though the two crystal lattices do not match in 
symmetry resulting in large unit cells or even incommensu-
rate structures. [ 37–39 ]  The misfi t-layered compounds can also be 
viewed as intercalation compounds with TX 2  representing the 
host crystal and MX as the intercalate. The intercalation leads 
to new properties such as a change in the electronic features of 
the host structure due to charge transfer from the MX part to 
the TX 2  layer. [ 40,41 ]  

 Based on the epitaxial arrangement of mono- and dichalco-
genides in misfi t-layered compounds, an epitaxial growth of 
the PbSe QDs on MoS 2  is expected under suffi ciently clean 
conditions. Epitaxial growth is advantageous as it results in a 
defi ned and direct interface between PbSe QDs and MoS 2 , 
without any linker molecule in between. A direct interface is 
important for the application of PbSe-MoS 2  hybrids in photo-
detectors to achieve charge transfer from the PbSe QDs to the 
MoS 2 . Usually epitaxial growth of nanoparticles (e.g., Pt) on 
crystalline inorganic materials (e.g., SrTiO 3 ) is accomplished by 
vapor-phase deposition methods. [ 42,43 ]  These physical methods 
are more complex than wet-chemical methods, less scalable 
and often require ultra-high vacuum conditions and specialized 
equipment. Therefore, it is sensible to explore an in situ wet-
chemical synthesis to combine PbSe QDs and MoS 2  nanofl akes 
directly. A wet-chemical synthesis is also advantageous in terms 
of solution processability of the resulting PbSe-MoS 2  hybrid 
materials. Polymer foils, e.g., polyethylene terephthalate (PET) 
or polyimide (PI), are suitable substrates for fl exible electronics 
including detectors, displays, and sensors. They are durable and 
lightweight but cannot withstand high temperatures (>150 °C). 
Traditional photodetector materials, e.g., bulk PbS or Si, are 
processed using high-temperature manufacturing techniques. 
Consequently, these photodetectors cannot be fabricated on pol-
ymer substrates. In contrast, low-temperature solution process-
able PbSe-MoS 2  hybrids should be applicable for fabrication on 
fl exible plastic substrates such as PET. [ 44,45 ]  

 Here, we introduce a simple one-pot synthesis for PbSe 
QD-MoS 2  hybrids, which is also applicable to few-layer gra-
phene (FLG) and WS 2  multilayered nanofl akes. This in situ 
synthesis leads to a direct epitaxial growth of PbSe QDs on 
MoS 2 . No further ligand exchange steps are required. We dem-
onstrate the near-infrared photosensitivity of these PbSe-MoS 2  
hybrids, which are solution-processable at low temperatures 
and long-term air-stable. The new PbSe-MoS 2  hybrid material 
also shows excellent mechanical stability on a PET substrate 
upon repeated bending.  

  2.     Results and Discussion 

  Figure    1  a,b show representative transmission electron micros-
copy (TEM) images of PbSe-MoS 2  hybrids. The PbSe QDs were 

synthesized in presence of exfoliated MoS 2  nanofl akes. For 
this one-pot synthesis we used a standard air-free Schlenk-line 
technique and the hot-injection method. Briefl y, Pb(oleate) 2  
was formed by mixing PbO, oleic acid, and 1-octadecene. At 
the same time, dispersions of MoS 2  nanofl akes were produced 
by ultrasonication of MoS 2  powder in diphenyl ether and sub-
sequent centrifugation. The Raman spectrum of exfoliated 
MoS 2  with PbSe QDs (PbSe itself shows no Raman signals) 
was similar to that of bulk MoS 2  and thus indicating mostly 
multilayered fl akes (see Figure S1, Supporting Information). 
This was also supported by the contrast in conventional TEM 
images (Figure S2, Supporting Information) and, more directly, 
by cross-sectional high-resolution (HR) TEM (vide infra) and 
convergent beam electron diffraction (CBED) (Figure S3, Sup-
porting Information), both indicating typical fl ake thicknesses 
of a few tens of nanometers. In a subsequent step, the MoS 2  
dispersion was injected into the solution of Pb(oleate) 2 . In 
order to start the PbSe QD growth, selenium dissolved in tri-
 n -octylphosphine was injected into the Pb(oleate) 2 -MoS 2  solu-
tion at 170 °C. PbSe-MoS 2  hybrids were formed within 5 min. 
We used Pb 2+  and Se 2−  in large excess compared to the con-
centration of the MoS 2  fl akes in order to obtain full and dense 
coverage of the fl akes with PbSe QDs. As a consequence, PbSe 
QDs not only grew on the fl akes but also in solution. The PbSe-
MoS 2  hybrids were easily separated from any unbound PbSe 
QDs by centrifugation. They precipitated from hexane whereas 
the unbound QDs remained in dispersion. The representative 
TEM image in Figure  1 a was taken after the separation pro-
cess and confi rmed the absence of any free QDs in the hybrid 
samples. Energy-dispersive X-ray spectroscopy (EDX) corrobo-
rated the expected composition of the hybrid (Figure S4, Sup-
porting Information). In order to test the general applicability 
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 Figure 1.    TEM images of hybrid materials of a) PbSe-MoS 2 , c) PbSe-
WS 2 , d) PbSe-FLG. b) HRTEM image of the PbSe-MoS 2  hybrid material 
showing the average size of 5.7 nm of the PbSe QDs, corresponding to a 
band gap of 0.74 eV; absorption edge 1675 nm.
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of the developed synthesis we also used WS 2  multilayer sheets 
and FLG, instead of MoS 2 , to grow PbSe QDs in situ on these 
materials. The TEM images in Figure  1 c,d clearly show PbSe 
QDs on WS 2  and FLG confi rming the general feasibility of this 
procedure for growing PbSe QDs on a wide range of layered 
materials.  

 The bond between the PbSe QDs and MoS 2  nanofl akes was 
quite strong. Even upon repeated washing and ultrasonication 
cycles the particles could not be removed from the fl akes. There-
fore, detailed selected-area electron diffraction (SAED) and 
HRTEM investigations were performed to elucidate the growth 
mechanism of the PbSe QDs and the interface between the 
QDs and the MoS 2  nanofl akes. The SAED pattern of the hybrid 
material in  Figure    2  a shows PbSe refl ections (rock-salt struc-
ture) in addition to the characteristic hexagonal arrangement 
of MoS 2  refl ections expected for electron illumination along 
<0001> MoS2 , i.e., perpendicular to the basal plane. The diffrac-
tion pattern of the QDs reveals distinct ring fragments on the 
{200} PbSe  and {220} PbSe  diffraction rings rather than continuous 
rings with constant intensity. Moreover, diffraction rings of type 
{111} PbSe  and {311} PbSe  are completely absent. Taken together 
these observations point to a <001> PbSe  growth direction of the 
PbSe QDs on the MoS 2  nanofl akes and a preferred in-plane ori-
entation indicative of epitaxial growth. Both diffraction rings of 
PbSe, {200} PbSe  and {220} PbSe , show twelve equally spaced ring 
fragments with the fragments of {200} PbSe  and {220} PbSe  rotated 
by 45° with respect to each other. This characteristic arrange-
ment of refl ections can be consistently explained assuming 
an epitaxial relationship described by PbSe(001)�MoS 2 (0001) 
(in growth direction) and PbSe(200)�MoS 2 {1–100} (in plane). 
According to Cho et al. [ 46 ]  the largest dipole moment in PbSe 
QDs should be along the <001> PbSe  axis. Therefore the PbSe 

QDs in the PbSe-MoS 2  hybrid exhibit a dipole moment perpen-
dicular to the MoS 2  nanofl ake (see Figure S5, Supporting Infor-
mation). The resulting dipole-dipole interactions between PbSe 
and MoS 2  are one possible explanation for the strong bonding 
of the PbSe QDs on the MoS 2  fl akes that even withstands 
repeated ultrasonication.  

 Due to symmetry considerations there are three equivalent 
orientation variants of PbSe, which are related to each other 
by a 120° rotation around the growth axis as indicated by the 
three squares in Figure  2 a, each interconnecting refl ections 
of one variant. A more detailed analysis of the diffraction pat-
tern is provided in Figure S6 (Supporting Information). The 
corresponding arrangement of atoms in the three orientation 
variants is illustrated in Figure  2 b. It is interesting to note that 
the described orientation relationship with its three orienta-
tion variants is identical to the one observed in bulk misfi t-lay-
ered compounds [ 47 ]  and has also been identifi ed for thin PbS 
fi lms grown by molecular beam epitaxy onto freshly cleaved 
TiS 2 (0001) substrates. [ 48 ]  In contrast to these cases, where the 
{200} lattice planes of the monochalcogenide and {1–100} 
lattice planes of the dichalcogenide match there is a huge 
misfi t of about 12% between the corresponding lattice planes 
in PbSe (d 200  PbSe  = 0.3064 nm [ICSD no. 38294]) and MoS 2  
(d 1–100  MoS2  = 0.2737 nm [ICSD no. 84180]). This misfi t is indi-
cated in Figure  2 b and revealed by the separation of the cor-
responding refl ections in the diffraction pattern in Figure  2 a. 
In the perpendicular in-plane direction, i.e., along <11–20> MoS2

 , 
there is a much better match of the two lattices as can be seen 
by comparing d 400  PbSe  = 0.1532 nm and d 11–20  MoS2  = 0.1580 nm 
(misfi t of only 3%). This is likely to be the main reason for the 
observed epitaxial orientation relationship. However, a misfi t of 
3% is still large enough to explain the observation that the PbSe 
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 Figure 2.    a) SAED pattern of the in situ synthesized PbSe-MoS 2  hybrid material revealing a preferred orientation of PbSe QDs on the MoS 2  nanofl ake, 
represented by the red, green, and yellow squares, whereas the white hexagon indicates the hexagonal arrangement of MoS 2 . b) Schematic illustration of 
the epitaxial relationship between the PbSe QDs and MoS 2  fl akes, showing the three equivalent orientation variants of the PbSe QDs and c) schematic 
illustration of the elongation of the diffraction points in reciprocal space (diffraction pattern) by rotation of the PbSe unit cell in real space. d) HRTEM 
image of the PbSe-MoS 2  hybrid showing the three orientation variants marked in red, green and yellow and e) enlarged HRTEM images of the QDs 
at positions 1, 2, and 3 of panel (d). f) SAED pattern of separately synthesized PbSe QDs mixed, upon heating to 170 °C for 4 h under inert gas, with 
exfoliated MoS 2  showing no preferential orientation of the PbSe QDs on the MoS 2  nanofl ake.
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diffraction spots in Figure  2 a do not form a discrete point pat-
tern but rather ring pattern fragments indicating that the PbSe 
QDs have a remaining in-plane rotational degree of freedom 
on the MoS 2  fl akes (see illustration Figure  2 c). The rotational 
range can be determined directly from the SAED pattern in 
Figure  2 a and does not exceed 12° for most of the particles of 
each orientation variant. 

 The notion of epitaxial growth is further supported by 
HRTEM images (Figure  2 d,e), in which the three orientation 
variants are clearly visible. Because of the small sizes of the 
PbSe QDs the HRTEM image contrast is dominated by the hex-
agonal lattice of the MoS 2  substrate. The stripe-like modulation 
of the HRTEM contrast in the areas covered by QDs results 
from interference of electrons scattered in the PbSe and in the 
MoS 2  (Moiré interference). In agreement with the three orien-
tation variants and the corresponding lattice misfi t (see discus-
sion above) each PbSe QD shows modulations along one of the 
three <1–100> MoS2

  lattice directions. Enlarged HRTEM images 
of representative QDs are depicted in Figure  2 e together with 
their respective lattice orientation. It should be mentioned that 
the modulation is slightly more complex than expected from 
a simple Moiré analysis, which is likely due to multiple scat-
tering, which causes various spatial frequencies along the mis-
matched <1–100> MoS2

  direction. However, as can be seen from 
the HRTEM image in Figure  2 d the three types of QDs cor-
responding to the different orientation variants can be clearly 
distinguished as indicated by the red, green, and yellow circles. 

 In a control experiment pre-synthesized PbSe QDs were 
simply mixed with MoS 2  fl akes (fi rst approach: stirring for 
1 h at room temperature; second approach: heating at 170 °C 
for 4 h under argon atmosphere). These samples also showed 
PbSe QDs assembled on the MoS 2  fl akes (see Figure S7, Sup-
porting Information). However, in this case the SAED patterns 
(Figure  2 f) of the QDs formed complete rings with constant 
intensity instead of points or ring fragments, thus revealing 
no preferential orientation of the PbSe QDs on the MoS 2  
nanofl akes. Consequently, an in situ synthesis is necessary to 
achieve epitaxial growth of PbSe QDs on MoS 2  nanofl akes. 

 In summary, these results already represent strong evidence 
for a direct contact between the QDs and the exfoliated fl akes 
without any linker molecules at the interface. The QDs grow 
epitaxially on the surface rather than attaching after formation. 
If ligands (i.e., oleic acid) were to cover the QD surface this 
would impede any direct interaction of the QDs with the MoS 2  
fl akes and epitaxial orientation between the QDs and the MoS 2  
fl akes would be impossible. 

 For further verifi cation we used focused ion beam (FIB) 
milling to prepare thin cross-sectional TEM samples of PbSe-
MoS 2  hybrid fl akes.  Figure    3  a shows a bright-fi eld (BF) TEM 
image of a representative multilayered MoS 2  nanofl ake with a 
thickness of roughly 25 nm covered with PbSe QDs on both 
surfaces. The HRTEM image of Figure  3 b clearly demonstrates 
that the PbSe QDs are intimately attached to the MoS 2  sub-
strate (orange labeled region). Even though the expected lay-
ered contrast of MoS 2  with an interlayer distance of d 0002  MoS2  = 
0.6145 nm [ICSD no. 84180] is clearly visible in Figure  3 a and 
 3 b, the layered structure is somewhat damaged, which can be 
attributed to FIB milling and electron beam irradiation during 
TEM investigation. The original MoS 2  fl akes show excellent 

crystalline quality in plan-view TEM images as well as SAED 
and CBED patterns (Figure S2,S3, Supporting Infor mation). 
The CBED measurements furthermore confi rm that the thick-
nesses of the MoS 2  fl akes are in the range of a few tens of 
nanometers (see example in Figure S3, Supporting Informa-
tion). Thus, from an electronic point of view, the MoS 2  nano-
fl ake can be considered a bulk semiconductor. [ 49 ]   

 The preferred crystallographic orientation of the PbSe 
QDs on the MoS 2  fl akes deduced from SAED and HRTEM 
in plan-view geometry (Figure  2 ) is also visible in cross-sec-
tion HRTEM images (Figure  3 b,c) as most of the QDs along 
the investigated fl ake exhibit a preferred texture and HRTEM 
contrast. Figure  3 c displays two representative QDs showing 
{200} PbSe  lattice planes aligned with {11–20} MoS2

  lattice planes 
of the MoS 2  substrate. In addition, the cross-sectional HRTEM 
images give further evidence that the QDs grow preferentially 
along <001> PbSe . As expected for epitaxial orientation relation 
the HRTEM images in Figure  3 b,c reveal an intimate contact 
between the two crystalline lattices without any linker group or 
impurity at the interface. If oleic acid were present between the 
PbSe QDs and the MoS 2  fl ake a spacer layer of about 2 nm, 
corresponding to the length of the oleic acid molecule, would 
be visible. The images clearly show that there is no gap or inter-
layer between PbSe and MoS 2 , which further proves a direct 
and ligand-free growth of PbSe on MoS 2 . 
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 Figure 3.    a) Bright-fi eld TEM image of a cross-sectional FIB sample of 
the PbSe-MoS 2  hybrids on a silicon substrate, covered with a protective 
carbon layer. b) HRTEM image showing intimate contact between the 
PbSe QDs and the layered MoS 2  fl ake (orange labeled region) with an 
interlayer distance of d 0002  MoS2  = 0.6145 nm. c) Two magnifi ed HRTEM 
images of PbSe QDs grown on MoS 2  fl akes along [001] PbSe  direction. The 
preferred in-plane orientation relation deduced from plan-view SAED 
(Figure  2 a) is refl ected by the nearly parallel alignment of {200} PbSe  and 
{11–20} PbSe  lattice planes.
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 Oleic acid is present in these hybrids as confi rmed by 
infrared (IR) spectroscopy (Figure S8, Supporting Informa-
tion) but most likely only at the outer surface of the PbSe QDs 
and not at the PbSe-MoS 2  material interface. The ligand stabi-
lization principle, i.e., ligands are only on the side of the par-
ticle that is not in direct contact with the MoS 2  nanofl ake, has 
also been suggested by Huang et al. [ 50 ]  Consequently, charge 
transfer from the QDs to the fl akes should be fast because no 
insulating oleic acid is found at the interface, whereas the oleic 
acid protects the PbSe QDs on the outer surface against oxida-
tion. Moreover, the formation of potential charge-recombina-
tion sites that are often created by ligand removal or exchange 
is prevented. 

 Based on the TEM images, SAED pattern, and cross-sec-
tional HRTEM images combined with previous reports on 
the growth properties of pure PbSe QDs, [ 46,51–53 ]  PbSe QDs on 
single-walled carbon nanotubes [ 54,55 ]  and the chemical structure 
of misfi t-layered compounds, [ 37,39 ]  we propose the following 
mechanism for the epitaxial growth of PbSe QDs on the MoS 2  
nanofl akes. Initially, Pb(oleate) 2  precursors coordinate directly 
onto the surface of the fl akes. Coulomb attraction between the 
Pb 2+  cations and the S 2−  anions of MoS 2  may be responsible 
for the preferential coordination of positively charged Pb 2+  ions 
on the fl akes. Upon addition of the selenium precursor, the 
growth of PbSe QDs proceeds on the fl akes and in solution. 
Comparing the PbSe-MoS 2  hybrids with other layered material 
hybrids (PbSe-WS 2  and PbSe-FLG) reveals that the density of 
PbSe QDs is always higher on MoS 2  and WS 2  fl akes than on 
FLG (see Figure S9, Supporting Information). This supports 
the notion that the direct coordination of Pb 2+  on the nanofl ake 
is decisive in terms of QD nucleation and growth. The nega-
tive surface polarization of MoS 2  and WS 2  fl akes caused by the 
presence of sulfi de probably enhances the coordination of Pb 2+  
cations whereas the large π-electron system of FLG merely 
compensates charges. The fact that the QDs cannot be removed 
from the fl akes by sonication and that SAED and HRTEM 
images show three preferential orientation variants confi rm an 
epitaxial, linker-free and direct growth of the PbSe QDs on the 
MoS 2  surface. This is crucial for application in photodetectors 
as it is not possible to observe charge transport in fi lms of as-
synthesized PbSe QDs covered with long insulating oleic acid 
ligands. [ 56 ]  For example, Zhang et al. reported no observable 
photoresponse for graphene covered with pre-synthesized, oleic 
acid capped PbS QDs. [ 33 ]  

 Next, we investigated the photoresponse of the PbSe-MoS 2  
hybrid material. A lateral photodetector was fabricated on a 
glass substrate with interdigitated Cr/Au electrodes (distance 
5 µm, total interdigitated electrode length 20 mm) by drop-
casting a hexane dispersion of the PbSe-MoS 2  hybrid at 120 °C 
( Figure    4  ). The resulting fi lms were investigated under ambient 
air conditions. A broadband halogen light source with a 1200 nm 
cut-off fi lter and an incident power of 1.6 mW was used for illu-
mination. Overlapping multilayer MoS 2  fl akes should transport 
charges better than just PbSe QDs, therefore we use MoS 2  as 
a charge transporting layer, but not as photosensitive material. 
The photosensitivity of the hybrid should result exclusively 
from the PbSe QDs. Therefore a 1200 nm cut-off fi lter was 
necessary to avoid photoresponse from pure MoS 2  that would 
occur at photon energies above 1.2 eV (wavelengths < 1030 nm; 

considering optical properties of MoS 2  bulk material). At wave-
lengths above 1200 nm, only PbSe QDs are excited – depending 
on their size – and excitons are formed. From the HRTEM 
images in Figure  1 b we determined the size of the PbSe QDs 
on MoS 2  fl akes to be 5.7 nm on average, which corresponds 
to a band gap of 0.74 eV (absorption edge 1675 nm). [ 57 ]  After 
light absorption by the PbSe QDs, exciton dissociation is likely 
to occur at the PbSe-MoS 2  interface. Usually time-dependent 
photoluminescence quenching measurements are carried out 
to study exciton dissociation. [ 35,58 ]  However, due to the small 
band gap of the PbSe QDs and thus photoluminescence only 
above 1600 nm (beyond InGaAs detectors) these measurements 
could not be performed in this case.  

  Figure    5   shows the photoresponse of a pristine MoS 2  fi lm 
and a PbSe-MoS 2  hybrid fi lm under applied bias as a function 
of illumination. Overall, a clear photo-switching behavior is 
observed. MoS 2  normally behaves as n-type material [ 6,59 ]  and we 
measured a current increase rather than decrease upon illumi-
nation. Thus we infer that electrons are transferred from the 
PbSe QDs to the MoS 2  fl akes. The charge carrier density in the 
MoS 2  fl akes increased and the fi lm resistance was reduced. A 
lower boundary of 1.9 µA/W could be estimated for the overall 
responsivity in the near-infrared. The photodetector was stable 
during operation in air and under illumination. Even after 
48 cycles no considerable changes in signal strength were 
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 Figure 4.    a) Schematic illustration of a PbSe-MoS 2  photodetector (green: 
PbSe QDs, gray: MoS 2  fl akes). b) Scanning electron microscopy images 
of PbSe-MoS 2  thin fi lms on interdigitated gold electrodes (distance 5 µm) 
after drop-casting a dispersion from hexane.
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detected (Figure  5 b). Note, that the dark current of the photo-
detector initially increased over time while a constant bias was 
applied before saturating at a relatively high value (hundreds 
of nA, see Figure S10, Supporting Information). This behavior 
was not observed for the pure MoS 2  nanosheets, for which dark 
currents were also somewhat lower. Charge transfer is known 
to take place from the MX (i.e., PbSe) part to the TX 2  (i.e., 
MoS 2 ) layer in misfi t-layered compounds. [ 40,41 ]  It is thus con-
ceivable that the MoS 2  was slightly doped by the attached PbSe 
QDs even before illumination. After stabilization of the dark 
current however, the photocurrent increase and decrease char-
acteristics were symmetric. Both responses consist of two com-
ponents: An initial, fast rising component (from about 0% to 
75% of maximum signal) and a slower component (from about 
75% to 100%). The fast component is used to determine the 
photoresponse time featuring a switch-on time of 160–250 ms 
and a switch-off time of 430–600 ms (Figure  5 a). The slow com-
ponent is probably related to traps originating from surface 
states or defects of the QDs. [ 28,60 ]  The fast component is likely 
to depend on the mobility of the charge carriers in the fi lm. 
Konstantatos et al. [ 28 ]  reported a PbS-graphene photodetector 
with response times as short as 10 ms. Clearly, using MoS 2  
nanofl ake thin fi lms rather than graphene results in much 

slower switching due to lower carrier mobilities and the need 
for hopping between fl akes. A pure MoS 2  photodetector based 
on a large monolayer fl ake was shown to exhibit response times 
of 50 ms. [ 8 ]   

 We investigated the dependence of the photoresponse on the 
applied bias ( V  bias ) from 4 V to 18 V in steps of 2 V.  Figure    6   
shows that the photocurrent increases with bias. We can 
exclude a single exponential dependence. A double logarithmic 
plot, as presented in Figure  6 c, indicates a  V  bias   n   relation of the 
photocurrent with bias (with  n  ≈ 1.5). Increasing the applied 
bias may enhance exciton dissociation and suppresses charge 
recombination. Shorter electrode distances as well as a more 
uniform coverage should improve performance further.  

 Most importantly, these devices work in ambient air and 
show no degradation even after weeks of storage in air and 
under illumination. We attribute this remarkable stability to 
the fact that the PbSe QDs are still capped with long oleic acid 
ligands on their outer surface, while charge separation occurs 
directly at the interface with the MoS 2  nanofl ake, where no 
linker is present due to the epitaxial growth of PbSe QDs. The 
good surface passivation of PbSe QDs with oleic acid ligands 
prevents the formation of quenching sites and protects them 
against oxidation. Usually the ligands have to be removed or 
exchanged in order to facilitate charge separation and transport 
in QD-photodetectors, which makes them sensitive to air. [ 28,34 ]  

 We also fabricated control devices by drop-casting as-syn-
thesized PbSe QDs and pre-synthesized PbSe QDs mixed with 
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 Figure 5.    a) Photoresponse of a PbSe-MoS 2  (black line) and MoS 2  (red 
line) photodetector to incoming light ( λ  ≥ 1200 nm). The ON-OFF 
switching time of the light source was 10 s,  V  bias  = 14 V. The dashed lines 
indicate the photoresponse times of this PbSe-MoS 2  photodetector. The 
device switches to the on-state within 250 ms and to the off-state within 
430 ms. b) 48 cycles of repeated ON-OFF switching of a PbSe-MoS 2  
photodetector showing excellent stability in air without degradation. The 
ON-OFF switching time of the light source was 5 s,  V  bias  = 10 V.

 Figure 6.    a) Photoresponse of a PbSe-MoS 2  photodetector at different 
voltages, varied from 4 V to 18 V in steps of 2 V. b) Current-bias char-
acteristics and the corresponding c) log(ΔCurrent)–log(Bias) plot with 
linear fi t (black line) indicates a  V  bias   n   relation of signal with bias with 
 n  ≈ 1.5 for voltages > 4 V.
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exfoliated MoS 2  (prepared by stirring at room temperature for 
1 h). The PbSe-only device behaved completely insulating and 
showed no photoresponse at all. In the case of the PbSe QDs 
mixed with MoS 2  we measured a photoresponse, which was 
substantially weaker compared to the photoresponse of the in 
situ synthesized hybrids. As already mentioned above, simple 
mixing of pre-synthesized PbSe QDs with MoS 2  nanofl akes 
resulted in hybrids without any preferred orientation of the 
QDs (see Figure S7, Supporting Information). Therefore, the 
inferior photoresponse is likely to be a result of an indirect con-
tact between the two materials, possibly still separated by the 
capping ligand oleic acid. 

 Since our photoactive PbSe-MoS 2  hybrid material was dis-
persed in hexane and no high-temperature fabrication pro-
cesses were necessary, we were able to fabricate fl exible photo-
detectors. To prepare these devices we drop-cast the PbSe-MoS 2  
hybrid material on a PET substrate with interdigitated Cr/Au 
electrodes (distance 5 µm, total electrode length 20 mm) at 
50 °C ( Figure    7  ). These fl exible devices were bent perpendic-
ular to the electrodes and measured under the same conditions 
as the devices on glass, with an applied bias of 10 V. When 
bending the device inward (active layer under compressive 
stress) we observed an increase of photocurrent (Figure  7 a), 
whereas during outward bending (active layer under tensile 
stress) the photocurrent decreased (Figure  7 b). Both inward 
and outward bending were reversible and the photocurrent 
for the fl at position after bending was almost unchanged. 
The devices showed clear and stable photoresponse up to the 
smallest measureable bending radii of  r  = 3.8 mm for inward 
bending and  r  = 2.9 mm for outward bending. Figure  7 c shows 
the device performance in fl at position after a number of 
bending cycles. Even after bending the device 400 times (fi rst 
200 times outward bending,  r  = 4.4 mm; then 200 times inward 
bending,  r  = 4.3 mm) we found only a small decrease in photo-
current and still a clear and stable photoresponse thus demon-
strating the excellent mechanical stability of these PbSe-MoS 2  
photodetectors. Our experiments clearly demonstrate that the 
PbSe-MoS 2  hybrid material can withstand small bending radii 
and repeated bending, which is important for possible applica-
tions in fl exible and lightweight sensors.   

  3.     Conclusions 

 In summary, we have developed a facile one-pot synthesis of 
PbSe-MoS 2  hybrids. This simple wet-chemical synthesis pro-
vides an effective way to grow PbSe QDs without any linker 
groups on many kinds of layered materials such as MoS 2 , WS 2 , 
and FLG. The observed epitaxial growth of the PbSe QDs on 
the MoS 2  nanofl akes with three equivalent orientation variants 
(120° relative orientation to each other) as well as cross-sec-
tional HRTEM images verify a direct contact between the two 
materials. Oleic acid ligands on the outer surface of the PbSe 
QDs ensure protection and air-stability. No laborious linker-
exchange steps are necessary and the hybrid materials are 
stable in ambient air. Solution-processed photodetectors based 
on PbSe QDs on MoS 2  fl akes exhibit clear and stable photocon-
ductivity when illuminated with near-IR light ( λ  > 1200 nm). 
Flexible devices fabricated on PET substrates show excellent 

stability upon repeated bending at small bending radii. Due to 
the air-stability and solution-processability of the PbSe-MoS 2  
hybrids, and the tunability of the PbSe QD size by growth time, 
these hybrid materials are promising for low-cost and fl exible 
near-IR photodetectors.  
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 Figure 7.    Photoresponse of a PbSe-MoS 2  photodetector fabricated on a 
fl exible PET substrate. a) Bending the device inward up to a bending radius 
of 3.8 mm results in an increasing photocurrent whereas b) bending the 
device outward (maximum measureable bending radius 2.9 mm) leads to 
a photocurrent decrease. c) Excellent stability of the device upon repeated 
bending of 400 times (200 times outward bending,  r  = 4.4 mm; then 
200 times inward bending,  r  = 4.3 mm). The ON-OFF switching time of 
the light source was 30 s,  V  bias  = 10 V.
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  4.     Experimental Section 
  Chemicals : All chemicals were obtained from commercial sources. 

MoS 2  powder (particle size < 2 µm), WS 2  powder (particle size < 2 µm), 
graphite fl akes (particle size +100 mesh; ≥75% min)), lead oxide, tri- n -
octylphosphine, selenium powder, diphenyl ether (≥99%), 1-octadecene 
(technical grade 90%), oleic acid (≥99.0%), hexane, methanol, and 
acetone were purchased from Sigma Aldrich, ethanol was purchased 
from Carl Roth GmbH. 

  MoS 2 , WS 2 , and Graphite Exfoliation : MoS 2  and WS 2  were used as 
received. The graphite powder was sieved through a 0.5 mm mesh to 
remove large particles. MoS 2 , WS 2 , or graphite (20 mg) were dispersed 
in diphenyl ether (10 mL) by sonication in an ultrasonic bath (Branson 
2510) for 1 h followed by vigorous sonication using a tip sonicator 
(Sonics Vibra Cell) running at 25% of maximum power for 10 min. After 
centrifugation at 500 rpm for 45 min (Beckman Coulter Avanti J26XP 
centrifuge) the dispersion was allowed to settle for 2 h. The supernatant 
contained exfoliated MoS 2  fl akes, exfoliated WS 2  fl akes, or few-layered 
graphene (FLG). Subsequently, 5 mL of the respective supernatant were 
used for synthesis. 

  Synthesis of Hybrid Materials : In situ synthesis of PbSe-MoS 2  hybrids 
was performed in argon atmosphere using a standard air-free Schlenk-
line technique and hot-injection. For a typical synthesis a stock solution 
of Pb(oleate) 2  was prepared by dissolving PbO (225 mg, 1 mmol) and 
oleic acid (1 ml, 3.14 mmol) in 1-octadecene (7.5 mL). The reaction 
mixture was dried in vacuum at 100 °C for 1 h. It was then heated to 
120 °C under moderate argon fl ow. 5 mL of the respective nanofl ake 
dispersion (MoS 2 , or WS 2 , FLG) was injected into the Pb(oleate) 2  
stock solution and the mixture was again dried at 100 °C for about 
30–60 min. It was then heated to 170 °C under moderate argon fl ow 
and tri- n -octylphosphine selenium (TOPSe) (1.8 mL, 2 mmol; 438.3 mg 
Se/5 mL TOP) solution was rapidly injected. The reaction mixture was 
kept at 150 °C for 5 min and then quenched with a cold water bath. 
The PbSe-MoS 2  hybrids were washed four times with hexane, hexane/
ethanol/methanol, hexane, and hexane by centrifugation at 10 000 g for 
15 min to remove all contaminants and free PbSe QDs. The PbSe-MoS 2  
hybrids were redispersed in hexane for further measurements. PbSe 
QDs were synthesized as follows: A stock solution of Pb(oleate) 2  was 
prepared by dissolving PbO (225 mg, 1 mmol) and oleic acid (1 mL, 
3.14 mmol) in 1-octadecene (7.5 mL). The reaction mixture was dried in 
vacuum at 100 °C for 1 h. It was then heated to 170 °C under moderate 
argon fl ow and TOPSe (1.8 mL, 2 mmol; 438.3 mg Se/5 mL TOP) 
solution was rapidly injected. The reaction mixture was kept at 150 °C 
for 5 min and then quenched with a cold water bath. The PbSe QDs were 
washed three times with hexane/acetone, hexane/ethanol/acetone, and 
hexane by centrifugation at 6000 rpm for 5 min. The same procedure 
was used for PbSe-FLG and PbSe-WS 2  hybrids. 

  Characterization of Hybrid Materials : All spectra and images were 
obtained at room temperature. Raman spectra were acquired with a 
Renishaw inVia Refl ex Confocal Raman Microscope with an excitation 
laser wavelength of 532 nm (MoS 2 , FLG) and 633 nm (WS 2 ). High-
resolution (HR) and bright-fi eld (BF) transmission electron microscopy 
(TEM) images, selected-area electron diffraction (SAED) patterns, and 
energy-dispersive X-ray spectroscopy (EDX) spectra were recorded 
with an aberration-corrected Titan 3  transmission electron microscope 
operated at 80 kV acceleration voltage in order to minimize electron-
beam induced damage. SAED pattern to confi rm a preferred orientation 
of PbSe QDs on MoS 2  were obtained with a Philips CM 300 UT operated 
at 300 kV. CBED pattern to determine the thickness of the MoS 2  fl akes 
were performed using a Philips CM 30 operated at 300 kV. Samples 
were prepared by drop-casting a dispersion of hybrid materials onto 
a 200 mesh lacey carbon copper grid. Scanning electron microscope 
(SEM) images were taken with a Hitachi FE-SEM S4800 microscope. 
Cross-sectional samples of the PbSe-MoS 2  hybrids were prepared using 
a FEI Helios NanoLab 660 focused ion beam (FIB). For the preparation 
the hybrid dispersion was drop-cast on a silicon wafer substrate and 
covered with a carbon layer in the FIB to protect the sensitive material 
from the ion beam. A thin lamella was cut using the Ga +  ion beam of 

the FIB. For fi nal polishing the acceleration voltage of the Ga +  beam was 
reduced from 30 kV down to 2 kV. The lamella was then transferred to an 
Omniprobe TEM grid using the lift-out technique. 

  Fabrication and Characterization of PbSe-MoS 2  Photodetectors : 
Interdigitated electrodes (2 nm Cr, 30 nm Au, electrode distance 5 µm; 
overall electrode length 20 mm) were defi ned photolithographically 
using a standard double-layer photoresist (LOR5B/S1813), electron-
beam evaporation and lift-off process on glass or polyethylene 
terephthalate (PET) substrates. Before hybrid material deposition the 
substrates were cleaned with acetone and isopropanol in an ultrasonic 
bath and subsequently rinsed with deionized water. The PbSe-MoS 2  
hybrid dispersion was drop-cast from hexane on the pre-patterned 
interdigitated electrodes at a temperature of 120 °C for glass and 
50 °C for PET. Photocurrent measurements were carried out at room 
temperature in air with an Agilent 4155C semiconductor parameter 
analyzer and a broadband halogen light source (HL 2000 from Ocean 
Optics) with a 1200 nm cut-off fi lter.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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