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Large variations in both dark- and
photoconductivity in nanosheet networks as
nanomaterial is varied from MoS, to WTe,+t

Graeme Cunningham,? Damien Hanlon,? Niall McEvoy,” Georg S. Duesberg® and
Jonathan N. Coleman*®

We have used solution processing techniques to fabricate thin-film networks of nanosheets of six
different transition metal dichalcogenides; MoS,, MoSe,, MoTe,, WS,, WSe;, and WTe,. We have measured
both the dark conductivity and the photoconductivity under broad band illumination in the intensity
range from 0-1500 W m™2. The dark conductivity varied from ~107 S m™ for MoS, to ~1 S m™ for
WTe,, with an apparent exponential dependence on bandgap. All materials studied show photocurrents
which rise slowly with time and depend sub-linearly on light intensity, both hallmarks of trap limited pro-
cesses. Because the photoresponse depends relatively weakly on bandgap, the ratio of photo- to dark
conductivity is largest for the sulphides because of their lower dark conductivities. As such, MoS, and WS,
may be best suited to photo-detection applications. However, due to their lower bandgap and superior
conductivity, WSe, and WTe, might prove more effective in other applications, for example in photovol-

Www.rsc.org/nanoscale taic cells.

Introduction

The study of 2-dimensional (2D) materials is becoming one of
the most exciting areas of nanoscience. There are many
families of 2D materials, all displaying different properties
and each with its own set of strengths and weaknesses.' > One
of the most well-known classes of inorganic 2D material are
the transition metal dichalcogenides (TMDs), characterised by
the chemical formula MX,. Here M is a transition metal atom
(usually Mo or W) and X a chalcogen (S, Se or Te). Probably the
most heavily studied TMDs are MoS, and WS,, although
dozens of these materials exist.” Depending on the combi-
nation of metal and chalcogen atoms these materials can be
insulators, semiconductors or metals. They crystallise with
hexagonal symmetry in a covalently bonded structure to form
2D monolayers which stack together to form 3D crystals.®
Adjacent layers are bound by weak van der Waals interactions,
allowing exfoliation of bulk crystals into mono and few layer
nanosheets.” The electronic properties vary among TMDs; for
example as the mass of the chalcogen atom increases (i.e. from

“School of Physics, CRANN and AMBER Research Centres, Trinity College Dublin,
University of Dublin, Dublin 2, Ireland

bSchool of Chemistry, CRANN and AMBER Research Centres, Trinity College Dublin,
University of Dublin, Dublin 2, Ireland. E-mail: colemaj@tcd.ie

tElectronic supplementary information (ESI) available: See DOI: 10.1039/
c4nr04951a

198 | Nanoscale, 2015, 7, 198-208

S to Se to Te), the bandgap decreases. For a given TMD, the
band structure depends sensitively on the layer number.'*°
As such, these materials have generated a huge amount of
interest due to the possibility of using them in electronic or
optoelectronic applications.”

For most researchers, exploiting the electronic properties of
TMDs (and other 2D materials) involves the study of very high
quality monolayer nanosheets, deposited on substrates either
by micromechanical cleavage®* or growth.?>** This approach
has resulted in the demonstration of a host of high-perform-
ance devices such as transistors,”® photodetectors,**** logic
circuits®® and solar cells.>”?® However, we believe another
approach may be useful and should not be neglected. Once
suspended in liquids,*® nanosheets can be cheaply and easily
deposited to form networks which may be useful in an array of
applications. Already, such networks are becoming important
in electrochemical applications such as battery®>**" or superca-
pacitor electrodes®*** or as catalysts.***® However, these net-
works may also have applications in printed electronics.>”*°
In such applications, the main limitation will be that the
carrier mobility in a network would be expected to be much
smaller than that in an individual nanosheet because of the
necessity of inter-sheet hopping. However, in networks of
nanotubes®' and graphene nanosheets*?, the ratio of nano-
object to network mobilities is often as low as 100. As TMD
nanosheets have mobilities of ~100 cm® V™' s7'>" we might
hope to develop networks of nanosheets with mobilities of
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~1 cm® V' 57!, competitive with printable organics.*’ Thus,
we believe it is important to take the first steps toward using
such networks in (opto)electronic applications.

In order to develop printed electronics applications of 2D
materials, appropriate methods to disperse high quality
nanosheets in liquids are required. Liquid phase exfoliation is
a solution processing method, capable of generating industrial
quantities®® of exfoliated 2D nanosheets dispersed in organic
solvents*>*® or aqueous surfactant solutions.*®"” The dis-
persed nanosheets are of extremely high quality and can be
sorted by size and thickness.”” Such dispersions are extremely
processable, can be formed into films or coatings, or can be
mixed with other systems to produce composites.”® We can
envisage utilising high throughput, low temperature proces-
sing (roll-to-roll, dip-coating, spraying or inkjet printing) to
produce functional structures from these exfoliated
nanosheets. Combining different types of nanomaterials will
allow the production of a wide range of devices from these
dispersions,3839:48:49

Group VI (Mo or W) TMDs are nominally semiconducting
with optical bandgaps of ~1.8 eV, 1.5 eV and 1.1 eV for the sul-
phides, selenides and tellurides respectively and indirect band-
gaps ranging from ~1.3 to ~0.9 eV.*” MoS, and WS, are
known to exhibit photoconductivity in their mono and few
layer forms.>*”>*°°% Being abundant, cheap, non-toxic, flex-
ible®®*” and photo-stable®® with extremely high absorption
coefficients® and the absence of dangling bonds,*® these
materials are ideal candidates for a range of applications such
as high quality solar cell absorbing layers. As such, we believe
photoconductivity is an excellent starting point for the demon-
stration of optoelectronic capability of networks of liquid exfo-
liated nanosheets. Indeed, we, and others,’® have already
demonstrated photoconductivity from both solution cast’” and
inkjet printed®® networks of MoS,. However thus far, the photo-
conductivity of other group VI MSe, and MTe, based TMDs has
not been studied in mechanically-cleaved, CVD-grown or solu-
tion-cast forms. This is unfortunate as, due to their narrower
bandgaps, these materials would extend the spectral range of
any device whose operation requires optical absorption.

Here we report the first comparative study of both dark- and
photoconductivity of solution processed films of MoS,, MoSe,,
MoTe,, WS,, WSe, and WTe, nanosheets. The photocurrent
response of these materials to a range of light intensities from
a broadband source has been investigated as a function of
time and intensity. We find significant differences in perform-
ance which mainly stem from the broad range of dark conduc-
tivities in these materials.

Results & discussion

In this paper we use liquid-based techniques to exfoliate
layered crystals of TMDs into suspensions of nanosheets
which can then be formed into thin films. The aim of this
work is to compare the photoconductive properties of such
films for a range of TMDs, namely MoS,, MoSe,, MoTe,, WS,,
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WSe, and WTe,. When prepared in this way, such films
consist of disordered networks of exfoliated nanosheets.® In
general, solution processing tends to give nanosheets with a
range of sizes and thicknesses.*” The bandgap of all TMDs
tends to vary strongly with nanosheet thickness - for example
while monolayer MoS, has a direct bandgap of 1.8 eV, thicker
nanosheets (e.g. bilayers, trilayers etc.) have lower indirect
bandgaps. Above ~6 layers, the indirect band gap approaches
that of a bulk crystal (~1.2 eV for MoS,). This is a problem for
a study such as this one because a film of as-prepared
nanosheets will contain platelets of all thicknesses from 1 to
>10 monolayers. This will render the electronic properties of
the network both spatially inhomogeneous and ill-defined,
making comparisons between materials difficult. As suggested
previously,®® we propose to address this issue by removing all
thin nanosheets from the dispersion before film formation.
This will result in thin films consisting predominately of
nanosheets with >10 layers, all of which have bandgaps close
to the bulk value.

To do this, we used a centrifugation-based size selection
method to remove all small thin nanosheets (see Methods).
TEM analysis showed the resulting material to consist of elec-
tron-opaque, micron sized nano-platelets (Fig. 1A-F). The
opacity of these objects confirms them to be much thicker
than are found using normal liquid exfoliation (i.e. without
size selection).’®*” The mean nanosheet length varied from
1.4 to 0.6 pm depending on the TMD type (e.g. depending on
its density, see ESI{).>” However, even though these nano-
platelets are relatively large, most importantly, they are still
solution processable.

We used these size-selected nanosheet dispersions to
prepare thin films from each of the six nanosheet types. We
used a variation of the Langmuir-Blodgett method as
described in our previous work.’” The as-formed films were
estimated to be roughly 1 pm thick from the mass of each
material deposited onto the water surface. In all cases, they
were opaque and appeared uniform to the naked eye. SEM
examination (Zeiss Ultra Plus) showed continuous films when
viewed at large length scales (>10 um) (Fig. 1G). However,
when viewed at higher magnification, films are confirmed to
be composed of a disordered array of TMD flakes (Fig. 1H).
Raman spectra were recorded using an excitation wavelength
of 532 nm for both starting powders and films of all materials
(see ESIT). Peak positions coincide well with literature values
for bulk TMDs,'>*"* with slight shifts as is sometimes the
case for powdered samples.?”%®

In this study we fabricate simple two terminal devices by
depositing TMD films onto pre-patterned gold electrodes as
shown in Fig. 1]. This was carried out for all six TMDs. These
devices had channel length and width of L = 50 pm and w =
1 cm respectively. This channel length is much larger than
even the maximum nanosheet size meaning that inter-flake
charge transfer will play an important role in the electrical
properties.

We opted to use gold electrodes for films of all six TMDs. It
has been suggested that Gold can form quasi-Ohmic contacts
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Fig.1 (A-F) TEM images of nanoplatelets of (A) MoS,, (B) MoSe,, (C)
MoTe,, (D) WS,. (E) WSe; and (F) WTe,. (G) SEM image of typical MoS;
film with magnified view shown in H. (J) Schematic of the device
arrangement used in this work.

to MoS, monolayers***%* at room temperature.®>®® This is in

contrast to what would be expected from standard band align-
ment arguments,®”®® a contradiction that has been attributed
to factors such as Fermi level pinning close to the CB.®®%%7"*
While a finite barrier has been reported when using Au to
contact thicker MoS, ***%33%72 and WS, **7% samples, it is
often lower than that expected for a typical metal-semiconduc-
tor junction.”®®>°® Several studies on the electrical properties
of WSe, have been published recently.”*””” This material is
less prone to Fermi level pinning than MoS, and can operate
in both”® p-type”® or n-type’* mode depending on the contact
metal selected. Much less work has so far been published on
electrical characterisation of MoSe,,”®”® MoTe, ®* and WTe,,
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making electrode choice difficult. In addition, the effect of the
interaction of metal atoms with the nanosheet edges is not
known and may contribute to unexpected interfacial effects.
Our decision to use gold on all six materials was based on a
desire for consistency coupled with data from preliminary
experiments which showed all materials to give symmetric I-V
curves when using gold electrodes. However, we accept that
future studies might find other metals more appropriate for
achieving injecting contacts to these materials.

Shown in Fig. 2A-F are I-V curves taken for each material in
the dark (black lines). These are plotted together for compari-
son in Fig. 2G. As indicated above, the curves are symmetric
about the origin in all cases. The dark conductivities (as deter-
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Fig. 2 Dark and illuminated current—voltage curves measured for thin
films of (A) MoS,, (B) MoSe, (C) MoTe,, (D) WS,, (E) WSe, and (F) WTe,.
The incident intensity varied from ~50 to 980 W m~2 with the exception
of WTe,, where it was varied up to 1500 W m~2. N.B. The current scales
in A, B and D are nA while in C, E and F they are pA. (G) Dark /-V curves
for each material. The dashed line represents linearity. (H) Ratio of con-
ductivity under illumination to dark conductivity, plotted versus incident
intensity, for all six materials. N.B The colour scheme in G is the same as
that in H.
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mined from the slope of the curve around the origin) varied
strongly over the material set from ~107° S m™" for MoS, to
~1 S m™! for WTe,. This variation will be discussed in more
detail below. In all cases, the curves were super-linear at
higher voltages. It should be noted that this is not an auto-
matic signature of non-Ohmic contacts but can be caused by
space charge effects.®' The data for MoS, is similar to previous
data for in-plane conductivity in solution processed films.*?
However, it is ~3 orders of magnitude higher than that found
for out of plane measurements on similarly prepared films,*”
consistent with conductivity anisotropies in layered materials
such as graphite. The variation in conductivity among the
materials will be discussed below.

To compare the photoconductivity of the different TMDs we
study the effect of illuminating each sample with a broad-band
light source. A solar simulator (Newport 960000), fitted with a
Xe arc discharge lamp (150 W) and air mass (AM) 1.5 filter was
used. The lamp was calibrated against a standard Si based
reference cell. Light intensity at the sample was varied using a
set of neutral density filters (NDFs) from Newport. I-V curves
for each material measured at different light intensities are
shown in Fig. 2A-F. All curves remain symmetric about the
origin with linear, followed by supralinear regions as observed
for the dark current. In addition, clear increases in current
with light intensity are observable. For all data sets, we calcu-
late the conductivity from the slope of the I-V curve close to
the origin: ¢ = (L/wt)(dI/dV)y—y. We note that this parameter
only strictly represents the conductivity in the case of Ohmic
contacts. The ratio of conductivity under illumination to dark
conductivity (ojgni/op) is plotted versus light intensity in
Fig. 2H. It is clear from this data that the relative photoconduc-
tive effect is strongest in MoS,, followed by WS, with the other
materials showing comparatively weak effects.

It is also worth noting that, for each material, the voltage
range over which the I-V curves display linearity broadens
slightly as a function of light intensity. This is a common
effect in polycrystalline semiconductor films and is associated
with a slight lowering of potential barriers present at the inter-
flake junctions due to the presence of photo-generated
carriers.**® This will manifest itself as a small increase in
carrier mobility with light intensity.

The time dependence of the photoresponse was character-
ised for each material by opening and closing a shutter
between lamp and sample while increasing the intensity each
time shutter was closed. Typical examples of current-time
traces are shown in Fig. 3A-F. For all light intensities, on illu-
mination the photocurrent exhibits a fast increase followed by
a slow increase to steady state (SS) as observed previously for
out of plane measurements on MoS, films.>” The same pattern
for the decay is followed in the opposite order once illumina-
tion is ceased. The fast components are associated with the
initial equilibration of the carrier generation and recombina-
tion rates.®” The slow components are due to trap filling and
emptying on rise and decay respectively.®”” A slow photore-
sponse such as that observed here is expected in films with a
large density of trap states.’” In most cases (see Fig. 3G for
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Fig. 3 Current v time graphs for (A) MoS,, (B) MoSe, (C) MoTe,, (D)
WS,, (E) WSe; and (F) WTe,. In all cases, V = 1V and the light was turned
onatt=0s(F=250W m™) and turned off at the time indicated by the
arrow. Note that in all cases, approximately exponential rises and decays
of photocurrent were observed. (G) Time constant measured for rise of
MoTe, photocurrent, plotted versus incident intensity. (H) Average time
constants associated with the photocurrent rise, measured at F = 250 W
m~2, for each material.
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example and ESIf for complete data sets), the time constants
associated with the slow rise and decay of photocurrent fall off
with intensity as expected for systems with a distribution of
localised states. Such behaviour is consistent with an increased
number of such states acting as recombination centres at
higher intensities once illumination has ceased.®””*® However,
we note that the data is much more scattered than that pre-
viously observed for out of plane, solution processed MoS,
photodetectors.>” The time constants, measured for a rising
photocurrent in each material at a fixed intensity of F = 250
Wm™?, are given in Fig. 3H and are typically tens of seconds.
Interestingly, there seems to be a pattern whereby the time con-
stants scale with material as MS, > MTe, > MSe, for both Mo-
and W-based systems. This may suggest that the trap density
depends on the chalcogen.®” Strangely, the MoS, time constant
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is lower than that observed from out of plane photocurrent
measurements (~100 s).>” In any case, this data shows the
photoresponse to be trap-limited for all six materials.®”

We measured the steady state photocurrent, Algs, (V=1 V)
as a function of light intensity for all six materials. We then
converted this to photoconductivity (defined as opc = 6iight —
op) using opc = AlgsL/(wtV) where L is the electrode spacing
(50 pm), w is the electrode length (1 cm), ¢ is the electrode
thickness (1 pm) and V is the applied voltage (1 V). This data
is plotted in Fig. 4A-F. The first thing to note is there is
significant variation of the photoconductivity at high
intensity (i.e. that at 980 W m™>). As shown in Fig. 4G, this
varies from <10 puS m™' for MoS, to >50 mS m™"' for WTe,.
For each material, a sublinear dependence of photoconductiv-
ity on light intensity was observed, in agreement with
previous measurements on films of liquid exfoliated MoS,
nanosheets.®” This behaviour is consistent with a number of
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Fig. 4 Steady state photoconductivity plotted versus light intensity for
(A) MoS,, (B) MoSe, (C) MoTe,, (D) WS,, (E) WSe, and (F) WTe,. In all
cases, the photoconductivity was measured at V = 1 V. (G) Photo-

conductivity for each material, measured at 980 W m™2. (F) The fit curves
have been plotted together to allow comparison between materials.

202 | Nanoscale, 2015, 7, 198-208

View Article Online

Nanoscale
reports®* " on materials containing broad trap distributions,
which all show power-law behaviour, usually expressed as

opC :KFY (1)

where K and y are material constants. Large values of both con-
stants lead to large photocurrents. Such behaviour is consist-
ent with a simple model by Rose®”®® for materials with
exponential trap distributions which we will discuss below.
Fitting the data showed K to vary over ~2 orders of magnitude
(see below), with values of y ranging from 0.38 (WS,) to 0.84
(WTe,). This is reasonably consistent with Rose’s model which
predicts that 0.5 < y < 1 for systems with broad trap distri-
butions within the bandgap.®®

We plot the fit curves together in Fig. 4H for comparison. It
is clear from this panel that, over most of the measured inten-
sity range, the photoconductivity tends to scale as WTe, >
WSe, > MoTe, > WS, > MoSe, ~ MoS,. Clearly, W-based
materials are superior to Mo-based ones while performance
also appears to depend on bandgap (MTe, > MSe, > MS,).

Discussion

The data above clearly demonstrates trap-limited photo-
conductivity for all six TMDs studied. Fig. 2 and 4 show photo-
conductive behaviour which varies significantly from material
to material. It would be of great interest to begin to develop an
understanding as to the nature of these differences. The most
basic physical parameter which varies across this material set
is the bandgap. Because we have deliberately chosen to study
relatively thick nanosheets, the appropriate bandgap is the
bulk, indirect bandgap which varies from ~1 eV for the tellur-
ides to ~1.2-1.3 eV for the sulphides (see ESI{ for more infor-
mation). Whilst the narrower bandgap for the tellurides
obviously ensures absorption of a greater percentage of the
broadband light, this will not be the only mechanism affecting
the photoconductive response.

Shown in Fig. 5A is the dark conductivity plotted as a func-
tion of bulk (indirect) bandgap for all six materials studied.
The open symbols represent the mean values averaged over a
number of different samples while the closed symbols rep-
resent the data collected from the samples for which the
photoconductivity data was presented above. The conduc-
tivities range over 6 orders of magnitude, from ~107° S m™"
for MoS, to >1 S m™" for WTe,. We note that the conductivity
value for WTe, is very large, a fact that may be useful for a
range of applications. This graph shows a clear trend, with
dark conductivity falling with increasing bandgap for both
Mo- and W-based TMDs. Interestingly, the data for both
material types are consistent with op, o e /% (dashed lines).
This is reminiscent of the behaviour expected for intrinsic
semiconductors (i.e. with Fermi energy close to the centre of
the gap), where the conductivity is given by

op = peN e Fe/ 2T (2)
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Fig. 5 Bandgap dependence of photo-conductive parameters. (A) Dark
conductivity, (B) K-parameter (eqn (1)), (C) ratio of K parameter to dark
conductivity and (D) intensity exponent plotted versus bulk, indirect
bandgap. The inset in (C) plots 1/Fy” while that in (D) shows the charac-
teristic trap energy as a function of bulk, indirect bandgap. In (A), the
dashed lines represent op « exp(—E4/1.5kT), the open symbols represent
the mean over ~5 independent samples, while the close circles rep-
resent the samples used for the presented photoconductivity measure-
ments. In (C), the dashed line represents op  exp(Eq/2kT).

where the thermally activated carrier density, n (or p), is given
by n = N.e /", Here yu is the electron (hole) mobility, N, is
the effective number of states per volume in the conduction
(valence) band and E, is the energy gap. In eqn (2), the E,/2
component reflects the distance from Fermi energy to the
band edge, which is of course E,/2 for an intrinsic semicon-
ductor. For a doped semiconductor, E,/2 can be replaced by
Eg/a, where a > 2.

The fact that the experimental slopes in Fig. 5A are
—1/1.5kT, rather than —1/2kT is interesting. It implies that eqn
(2) cannot explain all of the bandgap dependence. Assuming
Ohmic contacts, this in turn suggests that the mobility
depends on bandgap roughly as u = uee ™ ?*" where b is a con-
stant. Such an exponential dependence can be rationalised by
the fact that the mobility is limited by inter-sheet hopping
which will depend on both band-structure and temperature.
Then, we can express the dark conductivity of the materials

under study here as

op = epge B/ N e e/ KT — ey N~ (1/a+ IBE/KT (3
where empirically, (1/a + 1/b) = 1/1.5. Below, we will attempt to
ascertain the values of a and b. However, it must be noted
that, were the current limited by the presence of Schottky bar-
riers, an exponential dependence of current on bandgap might
conceivably be observed (see ESIt). As mentioned elsewhere in
this paper, more work is required to fully understand the
transport properties of these materials.
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We now turn to the photoconductivity. From the fits in
Fig. 5, we can plot the parameter K versus bulk indirect
bandgap in Fig. 5B. This clearly shows the WX, compounds to
display K-values which are 10-100 times larger than those of
the MoX, systems. Sublinear power-law dependence of photo-
conductivity on intensity such as observed here has been
treated in a simple model by Rose.’”®® He considered
materials with a broad trap distribution which decays exponen-
tially from the band edge as e “*° where AE is the energy
relative to the band edge and E, is the characteristic trap
energy. In this case Rose derived an equation for the photo-
induced carrier density, npc, which can be expressed as

ol

N1USN,

Eo/(KT+E,)
| (@
where N, is the effective density of states in the conduction
band, fis the electron-hole pair generation rate (s~* m™), Ny
is the total trap density (m™®), v is the thermal velocity of car-
riers, S is the recombination cross-section and E, is the repre-
sentative trap energy (difference from the band-edge).
Assuming the films are thick enough to absorb all incident
light in the resonant regime (which we approximate as photon
energies larger than the direct bandgap of the material), then f
is related to the total incident intensity F by f' = cF where c is
related to the fraction of incident light absorbed:
c= J":;: e A@)/W)du/ [~ 1(v)dv where I(0) is the incident
intensity in the range between v and v + dv. We note that c is
not expected to vary dramatically between materials. Assuming
a solar spectrum, ¢ falls from 0.4 to 0.15 as the direct bandgap
is increased from 1.1 to 1.9 eV. With this in mind, we can
rewrite eqn (1) in the form

F 14
opc = KF" = peN. [F} (5)
0

where Fy = NtwSN./c and y = Eo/(kT + E,), and so the material
properties are now contained in F, and y. Then K = ueN./Fy’,
suggesting the difference in K-values between WX, and MoX,
compounds is due to differences in either y or the trap related
properties described by Fy’.

In order to separate the effects of mobility from trapping we
consider the ratio of K and op. Then, combining eqn (3) and (5):

K el /akT

= (6)

op For

Values of K/op are plotted versus (indirect) bandgap in
Fig. 5C and show a clear exponential scaling with bandgap
with data for all materials following the same trend. Assuming
Fy" to be roughly invariant with bandgap (see below), fitting
(dashed line) shows this behaviour to be consistent with a =
2.33 + 0.45. This is an interesting and rather surprising result,
because, as described above, a value of @ = 2 implies the
materials to act as intrinsic semiconductors. Incidentally, that
a = 2, allows us to use (1/a + 1/b) = 1/1.5 to find that b =
6. Approximating @ = 2, we can use eqn (6) to calculate Fy’,
finding values which are similar for all six materials: varying
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from 6 x 10" for MoTe, to 7 x 10'* for WSe, (in SI units). As
mentioned above, the trap-related material properties are con-
tained in F,’, with small values of this parameter required for
effective photoconductivity. Thus we can think of 1/F, as a
figure of merit for photoconductivity. This is plotted in Fig. 5C
(inset) and shows little variation between materials. We note
that the data shown in Fig. 5C clearly shows that the material
to material variations in both o, and K observed in Fig. 5A and
B are mainly due to mobility and bandgap differences between
compounds rather than strong variations in F,’.

However, this data also highlights the limitations in Rose’s
model. Because the values of F,” vary only weakly between
materials, the variations in y described above imply F, to vary
over ~12 orders of magnitude among the materials studied.
This is not realistic, meaning that while Rose captured the
over-all behaviour with his model, the details are not correct.

The suggestion that these materials are close to intrinsic
semiconductors is rather surprising as many papers have
demonstrated that TMDs tend to be doped, resulting in Fermi
energies close to the conduction band edge. Much of what is
known about TMD doping generally comes from compu-
tational studies on MoS,.”>°®> Many papers have shown that
few and monolayer MoS, samples tend to be unintentionally
n-doped.?"®>°*® Intrinsic defects such as stoichiometric
deficiencies in compound semiconductors contribute localised
states within the gap which can act as dopants depending on
their energy.”*'°° Sulfur vacancies have a low formation energy
in MoS, **7° and are thought to contribute a level close to the
CB of monolayer MoS,. This type of defect is known to be
easier to produce and reside in higher concentration at flake
edges than in the basal plane’® and has been suggested as the
source of the Fermi level pinning close to the CB.'"”* However
some reports also exist throughout the literature which show
p-type operation from MoS,.'°"'%* This has been expanded on
recently by studying locally resolved electrical characteristics of
an MoS, sample.’® This shows areas of high n- and p-type
inducing defect densities on typical samples. Thus the conduc-
tivity of MoS, seems to depend on the experimental details in
a non-trivial way. This aligns with older studies on bulk MoS,
which commonly showed both n-'** and p-type'®* operation.
Much less is known about doping in other TMDs.

However, liquid exfoliated nanosheets are not particularly
clean, tending to have non-negligible quantities of adsorbed
residual solvent that is very hard to remove.* It is entirely
possible that such adsorbed impurities tend to dope the
nanosheets, bringing the Fermi energy toward the centre of
the gap. Our method’s use of organic solvents may induce
effects not seen elsewhere in the literature. Indeed NMP has a
high boiling point and is notoriously difficult to remove com-
pletely. In addition our disordered films have a large density of
film edges. This influences the film doping via the localised
states they produce. We may well have a scenario whereby the
semiconductors here contain both donor (Ng) and acceptor
(N,) dopant species, resulting in a compensated semiconduc-
tor. The polarity of the conductivity is then governed by Ng-N,
with intrinsic behaviour expected if Ng = N,.'>"*°® However, in
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any case, were these materials actually intrinsic semiconduc-
tors, it is hard to see how gold could form quasi-Ohmic con-
tacts with all of them. Thus, it is clear that more work is
needed in this area.

This data clearly shows that the relatively poor photo-
response (represented here by ojgnidop) for MoSe,, WSe,,
MoTe, and WTe, (Fig. 2H) results from the large dark conduc-
tivities associated with these materials (Fig. 5A). Relative to the
dark case, at 980 W m™? the conductivity rises by a factor of 5
in the case of MoS, (best material) and a factor of 1.07 in the
case of WTe, (worst). High dark currents are especially unde-
sirable in photo-detection. This facilitates choice of a high
bandgap material or insulators, to limit background of
thermal carriers for practical applications. In addition to
affecting the lowest measureable illumination high dark
current also decreases sensitivity at low light levels.'”"'%® This
can be seen explicitly in Fig. 2H where the lowest light intensi-
ties used produced virtually no measureable signal in the case
of MoTe, and WTe,. Thus, the dark conductivities of most of
the TMDs studied here are too high for photo-detection capa-
bilities, especially when used with in-plane geometry.'*®

Shown in Fig. 5D is data for y plotted versus the indirect
bandgap for all six materials. This clearly shows a falloff in y
as the bandgap increases from 0.84 for WTe, to 0.38 for WS,.
While sublinear intensity dependence has been observed for a
number of materials,®*°" it is not usually observed for TMDs.
This is because recent photoconductive studies of TMDs have
been dominated by measurements on individual nanosheets
of mono or few layer MS, samples. Most of these report linear
dependence®**”? of photocurrent on light intensity with only
a minority reporting sub-linear*»®" behaviour with y values
between 0.5>* and 0.71.%” In these cases, the sub-linear depen-
dence is attributed to the presence of traps associated with the
surface of the flakes. Liquid exfoliated nanosheets contain
many flake edges which contribute localised states within the
bandgap. Whether these states act as traps or recombination
centres depends on the level of light intensity. As F increases,
more trap states for electrons are converted into recombination
centres, decreasing the majority carrier lifetime.®”*® Therefore
it is common for disordered semiconducting films to display
diminished responsivity at high light intensities and so values
of y<1.%

Rose’s model links the exponent, y, to the characteristic
trap energy, E,, as described above. We have used our data to
calculate E, for each material (Fig. 5D inset). This data
suggests the trap energy to fall off exponentially with bandgap,
indicating the wider-gap materials to have shallower traps. The
reason for this is not currently understood. However, we
suggest that more detailed experimental work, or indeed com-
puter modelling, is needed to understand in more detail the
trap states in these materials. This will be critical if disordered
networks of nanosheets are to be used in future (opto)elec-
tronic applications.

It is important to note that we see the results described
here as being early stage research rather than being definitive.
There are a number of factors which could affect both the
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dark- and photoconductivity which we have not been con-
sidered in great detail. Firstly, we note that the mean
nanosheet length varies considerably from 0.6 pm for WSe, to
1.4 pm for MoSe,. We expect networks of larger platelets to
show higher conductivity as few inter-platelet hops are
required. However, as shown in the ESI,} the dark conductivity
does not increase with nanosheet length. In addition, by using
gold contacts for all devices, we may have electrode effects
which vary from material to material. While we have assumed
quasi-Ohmic contacts, we cannot rule out the possibility that
the dark conductivities are limited by Schottky barrier effects.
However, this would imply that the materials are even more
conductive than reported in Fig. 5A. This would be surprising,
especially for the more conductive of the six TMDs. In
addition, we note that not much is known about contact
effects when the metal electrode contacts to flake edges as well
as the basal plane. Moreover, we do not know the doping level
and so the Fermi energy in any of these materials. While we
note that these materials appear to act, in some ways, like
intrinsic semiconductors, this is unlikely to reflect the true
nature of the materials. In a related point, we have noted that
both MoX, and WX, materials behave like intrinsic semicon-
ductors with mobilities and thermally activated carrier den-
sities which depend on the bandgap. Obviously, it would be
far better to measure both the mobility and carrier density for
each material and analyse each individually, although such a
study is beyond the scope of this paper. Nevertheless, we
believe this work shows clear differences between the dark and
electrical properties of the six TMDs under study. However, a
considerable amount of future work is required before these
differences are fully understood.

Conclusion

In summary, we have performed photoconductivity measure-
ments on thin films, prepared from disordered networks of
nanosheets of six transition metal chalcogenides. We find sig-
nificant differences in performance, with both dark- and
photo-conductivity varying widely between materials. The dark
conductivity falls exponentially with bandgap with clear differ-
ences between Mo- and W-based materials. The photoconduc-
tivity could also be clearly differentiated between Mo- and
W-based materials. Both the time- and intensity-dependence
of the photoconductivity indicate the photoresponse to be
limited by the presence of traps. The practical disadvantages
of this are a slow photoresponse and a sublinear dependence
of photoconductivity on intensity. Because of the dependence
of dark conductivity on bandgap, the ratio of photo- to dark
conductivity is much larger for the wide bandgap TMDs (MoS,
and WS,) even though they tend to display relatively small
photoconductivities. Thus, this palette of materials presents
different options, dependent on whether high absolute or rela-
tive photocurrent is required. For example, WSe,, WTe, and
MoTe, might prove more effective solar cell absorbing materials
due to their lower bandgap and superior conductivity.
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We note that the production of solution-processed films of
inorganic nanosheets is still in its infancy. One could imagine
many ways to improve these systems. For example, in the
future we expect to develop much greater control over the size
and thickness of nanosheets, leading to much more uniform
networks. In addition, the development of better film for-
mation techniques, whether by spray-, inkjet- or blade coating
will lead to more controllable film morphologies. Moreover,
chemistries might be developed to modify or eliminate the
effect of traps, perhaps by healing chalcogen vacancies or paci-
fying edge states.''® We see the current work as part of the
early stages of development of (opto)electronic applications of
solution processed nanosheet networks. However, we believe
this field has much promise and will play an important role
on the development of nanostructured printed electronics.

Methods

All materials were >99% pure and purchased in powder form.
For each material supplier and particle sizes were as follows:
MoS, (Sigma Aldrich, <2 um), MoSe, (Materion, <45 pm),
MoTe, (Materion, <10 pm), WS, (Sigma Aldrich, <2 pm), WSe,
(Materion, <5 pm) and WTe, (American Elements). In all cases
suspensions were prepared by adding 2.5 g of TMD powder to
50 ml of N-Methyl-2-pyrrolidone (NMP) from Sigma Aldrich in a
glass beaker. Samples were sonicated using a stand mounted
ultrasonic tip (Heilsher model UP200S, 200 W, 24 kHz) for
1.5 hours at 60% amplitude in pulsed mode with 1 s on 1 s off.

Following sonication, samples were transferred into glass
vials and centrifuged at 5500 RPM for 2 hours in a Hettich
Mikro 22R. A high RPM was chosen in order to remove the
smallest flakes from these suspensions. This resulted in
slightly coloured but light transparent supernatants with the
majority of the material compacted at the bottom of the vial.
At this point a solvent exchange was performed to facilitate
working in a poorer, but easier to remove, low boiling point
solvent. The supernatant was decanted and replaced with the
same volume of HPLC grade isopropanol (IPA) before re-soni-
cating in a Branson 1510E-MT sonic bath (20 kHz) for
30 minutes. Following this, the samples were again centri-
fuged at 5500 RPM for a further two hours and the supernatant
decanted once more. This step should remove a further
portion of the smallest flakes as well as residual NMP likely
left behind after the supernatant was first decanted. Samples
were then topped up again with HPLC IPA and bath sonicated
for a further 10 minutes to help homogenize the mixture.

The centrifugation regime chosen here ensures that our
suspensions are mostly composed of larger flakes and partially
exfoliated crystallites. Smaller flakes have a larger ratio of edge
atoms to basal plane atoms. In our experience films made with
smaller, better exfoliated flakes can exhibit negative photo-
conductivity effects on illumination, whereby the film
becomes more resistive than in the dark.*® These effects are
known to occur in MoS, films'** and will be studied in more
detail in a future communication. Here our aim is to simply
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compare the effect on the photoresponse of the films by
varying the transition metal atom (M = Mo or W) and the chal-
cogen atom (X = S, Se or Te). As such, we opt for larger, less
well exfoliated platelets to make our films.

These suspensions were used to form thin films for electri-
cal testing. Films were formed using a method based in prin-
ciple on the Langmuir-Blodgett method as described in our
previous work.>” Volumes of nanosheet-containing dispersion
were deposited on the liquid-air interface such that a con-
trolled nanosheet mass was deposited. This was adjusted such
that roughly equal volumes of nanosheets were deposited and
so the resulting film thickness would be ~1 pm in each case
(assuming a film porosity of ~40%)."'> We accept that such a
method can lead to some uncertainty in film thickness.
However, we are confident the relative thickness error is <50%
in each case. Once formed, films were transferred onto SiO,/Si
substrates (300 nm SiO,) with lithographically pre-patterned,
e-beam evaporated Ti-Au (5-45 nm) electrodes as illustrated in
Fig. 1J. Once transferred, the films were allowed to dry in
ambient conditions until all solvent had evaporated after a
couple of minutes. At this point they were placed onto a hot-
plate at 200 °C for 3 minutes to promote adherence to the sub-
strate and contacts. By repeating these steps one can build up
thicker films if required. However, we note that the films can
be very delicate making handling difficult. Here we perform
the measurement with in plane geometry as opposed to the
out of plane sandwich cell structure. The conductivity an-
isotropy is well known to be roughly three orders of magnitude
for these layered materials.’”'"* A single coating (roughly 1 um
thick for each material) was used as there was no possibility of
the electrodes shorting due to geometry. Silver paint and wire
were used to connect the devices to a source meter. All electri-
cal measurements were performed using a Keithley 2400 con-
trolled by a LabView program.

It is worth noting that using gold as an electrode material
for MTe, may be slightly problematic. For these materials, it
was noted that, on checking the gold electrode’s resistances
before and after the mild 3 minute heating step (to promote
film adherence to substrate and contacts, see above), the resist-
ance had increased from ~150 Q to ~175 Q. No such increase
in resistance was noted for MS, or MSe, based materials. It is
well known that tellurium has a strong affinity for gold. This
has been evidenced previously by us in heavily annealed
MoTe, samples (not used in this study) on gold electrodes
where the gold had been completely stripped away post-
anneal, leaving only the titanium adhesion layer beneath.
Thus, we believe care must be taken when using gold with Te-
containing 2D materials.
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