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Abstract—We present a DC-AC Hall-effect analysis on 

transition-metal-dichalcogenides comprising natural crystals 

of molybdenum disulfide and tungsten diselenide; and 

synthetic crystals of hafnium diselenide, molybdenum 

ditelluride, molybdenum diselenide and niobium-doped 

molybdenum disulfide. We observe a wide range of Hall 

mobility and carrier concentration values with either a net 

electron or hole carrier type. The synthetic niobium-doped 

molybdenum disulfide crystal exhibits a net hole carrier type 

and a carrier concentration approximately two orders of 

magnitude higher than a non-intentionally doped natural 

molybdenum disulfide crystal, with an equivalent reduction 

in Hall mobility. This synthetic niobium-doped molybdenum 

disulfide crystal also shows a significantly reduced resistivity 

when compared to the other crystals. Secondary ion mass 

spectrometry shows higher counts of niobium in the 

intentionally-doped synthetic niobium-molybdenum disulfide 

crystal, in addition to various other high contamination 

counts in both the natural and synthetic molybdenum 

disulfide crystals, correlating well with the significant range 

of high resistivity observed. Compared to silicon, the 

resistivity in these contaminated TMD materials reduces less 

rapidly with increasing equivalent carrier concentration 

levels, and the resistivity is higher in magnitude by a factor of 

approximately 4-10 when compared to silicon, which in turn 

reduces the achievable Hall mobility by at least a similar 

factor. It is therefore suggested that more controlled growth 

methods of TMD materials which lead to significantly 

reduced contamination elements and levels, with improved 

stoichiometry, could potentially provide a significant increase 

in Hall mobility assuming no change in carrier properties. 

Keywords—DC Hall; AC Hall; 2D materials; transition-

metal-dichalcogenides; TMDs; crystals; transition metals; 

chalcogens; resistivity; mobility; semiconductor; secondary ion 

mass spectrometry (SIMS). 

I.  INTRODUCTION 

One class of material which demonstrates considerable 
promise as the active semiconductor layer for improved 
energy efficiency in nanoelectronics, optoelectronics and 

sensors are transition-metal-dichalcogenides (TMDs), or 
otherwise known as 2D materials, which have a range of 
energy gaps that span from semi-metals through to wide 
band gap semiconductors and as a consequence open up a 
range of potential applications including those in tunnel 
FETs, flexible electronics, photovoltaics, and the 
production of solar fuels using photoelectrochemical cells.  

While some progress has already been made in 
fabricating and characterizing 2D material devices, the 
control and understanding of what influences carrier and 
resistance properties in TMD material devices remains at an 
early stage of research and development [1]. 

II. EXPERIMENT 

Eight natural and synthetic TMD material crystals, as 
shown in Figure 1 (details in [2]), were received from a 
commercial supplier and mechanically cleaved to obtain 
different approximate thicknesses for forming Van der 
Pauw structures with various contact metals (In, Ag, Ni/Au, 
and Au). Approximate squares are formed with side length 
(L), where 0.6cm≤L≤1cm, with the deliberate exception of 
S3 which is measured firstly with an irregular shape (S3a) 
and again after forming an approximate square shape (S3b) 
in order to quantify the changing effect on the solution to 
the Van der Pauw equation (and on the resulting 4-point 
resistivity), as well as on the Hall carrier properties.  

 

Figure 1: The bulk crystals that sourced S1-S8 of this work (details in [2]): 
S1 MoS2, S2 MoS2, S3 Nb-MoS2, S4 MoS2, S5 MoSe2, S6 MoTe2, S7 
WSe2, and S8 HfSe2. All sample areas are macroscale for Hall testing. 
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 Room temperature Hall-effect measurements are 
performed with a LakeShore Model 8404 Hall-Effect 
Measurement System with DC and AC magnetic fields of 
±1.7T (DC) and ~1.2T RMS (AC, 100mHz), respectively. 
The Hall system uses all combined optimum methods 
available to calibrate and remove error components [3]. 
Hall mobility is extracted from the measured Hall voltage 
and the measured 4-point resistivity for the particular 
excitation current and magnetic field applied (Hall factor 
set to unity). Sheet carrier concentration is extracted 
likewise from the Hall voltage. Tests have been carried out 
to confirm that no inversion layer formation is contributing 
to the Hall measurement results (not shown). 

Secondary Ion Mass Spectrometry (SIMS) chemical 
analysis is performed on the natural MoS2 crystal S1 and on 
the synthetic crystal S3 (Nb-doped MoS2). Two different 
primary beams, O2

+
 or Cs

+
, where used with a Cameca 

IMS-4f instrument while collecting positive or negative 
secondary ions, respectively, in the whole mass range of 
1u-210u. For quantitative analysis, SIMS requires suitable 
standards that were not available for MoS2. However, the 
technique provides useful information on a relative basis by 
comparing yields collected in different samples. 

III. RESULTS AND DISCUSSION 

A results summary of the DC-AC Hall-effect analysis 
on samples S1-S8 is provided in Table I. The first 
observation is that there is good agreement in the extracted 
properties between the DC and AC Hall-effect methods, 
and since the AC method is generally efficient at removing 
error components with a lock-in amplifier, these AC Hall 
properties are more accurate than the DC extractions [3]. It 
is observed that all Se-based and Te-based samples (S5-S8) 
appear n-type (electron shells 4 and 5, respectively, that 
include d-orbitals), whereas most S-based samples (S1-S3) 
appear p-type (electron shell 3 with no d-orbitals, similarly 
configured to oxygen of electron shell 2), with the 
exception of the natural n-type S4 sample with a much 
lower relative carrier concentration and a high mobility. 

TABLE I: HALL-EFFECT PROPERTIES FOR THE S1-S8 CRYSTALS. 

 

While in general a wide range of Hall mobility, 
resistivity and carrier concentration values are observed, it 
is noticeable that the Nb-doped MoS2 crystal S3 has a much 
lower resistivity and a much higher carrier concentration 
compared to all the other 2D crystals. It is instructive to 

plot the Hall mobility versus the sheet carrier concentration 
from Table I, and this is shown in Figure 2(a). We also plot 
the Hall mobility versus the carrier concentration in Figure 
2(b). Apart from the unusually high resistive sample S1 
discussed later, we observe very similar best fit trends to 
the S2-S8 data in both plots, confirming that the dominant 
carriers are distributed homogeneously in the crystals, each 
with different thicknesses in the ~130µm-765µm range. 

The Figure 2 trends are not overly dissimilar to the drift 
mobility versus n-type and p-type impurity concentrations 
for Si and GaAs in Ref. [4], p.29. Importantly, MoS2 is 
observed to potentially exhibit a net p-type behavior with a 
hole mobility as high as ~171 cm

2
/V-s. 

 

 

Figure 2: DC-AC Hall mobility versus (a) sheet carrier concentration and 
(b) carrier concentration. Best non-linear curve fit lines to crystals S2-S8 
(S1 is excluded from the best fit exercise as it is abnormally too resistive). 
Note that the y-axes of the log-log plots (a) and (b) have the same Hall 
mobility scale to assist in comparing behavior. 

Figure 3 reports the SIMS yields of the detected 
impurities in samples S1 and S3. A large range of 
(unintentional) impurities are present in both the natural 
and synthetic MoS2, consistent with reports via inductively 
coupled plasma mass spectrometry analysis [5], and likely 
limiting the achievable mobility as expected by theory [6]. 

Niobium can clearly be seen in the intentionally-doped 
synthetically-grown S3 sample with a yield ~450 higher 
than in the natural S1 sample, which is in good agreement 
with the measured p-type carrier concentration levels for 
S3, even if we cannot exclude that the detected Sb is not 
contributing to the observed p-type doping in the natural S1 
sample. Na and Cr are present in the synthetically-grown 



sample but, as those elements are expected with high 
sensitivity, their concentrations are presumed moderate. 

 

Figure 3: SIMS raw yields of impurities in natural MoS2 (S1) and in 
synthetically-grown Nb-doped MoS2 (S3). H, C, O, F and Sb were 
collected as negative ions while sputtering with a Cs+ beam. Na, Cr and Nb 
were collected as positive ions while sputtering with a O2

+ beam. No direct 
same-sample yield comparisons are given, only between different samples. 

H, C, and O are observed in the natural S1 sample with 
significantly higher yields than in the synthetically-grown 
S3 sample, which we believe are remarkably high and leads 
to significant increases in the yields of other secondary 
molecular ions (not shown) formed with such species (e.g. 
MoC

-
, MgO

-
, etc.). We speculate that the presence of such 

impurities at anomalously high concentrations may 
contribute to the much larger resistance observed in S1.  

We also observe a possible correlation between the p-
type behavior of S1-S3 from Table I, the very high oxygen 
content of S1 from Figure 3, and the known preference for 
higher oxidized Molybdenum (in a tri-oxide form) to give 
p-type behavior, as observed in solar cell research and in 
sub-stoichiometric form for MoOx-MoS2 MOSFETs [7]. 

The question now raised is how is the resistivity 
behaving in the presence of these high contamination levels 
with respect to carrier concentration, considering the Hall 
mobility is an inverse function of the resistivity (ρ), the 
carrier concentration (n), and the elementary electronic 
charge (e = 1.60218 x 10

-19
 C), namely μH = 1/(ρ.n.e)? To 

assess the behavior, it is constructive to compare it to the 
known equivalent behavior for silicon at 300K (see Ref. 
[4], p.32). 

 

Figure 4: A log-log scatter plot of resistivity versus carrier concentration 
for S1-S8 of this work, with the data points labelled. S1 is included but 
excluded from the behavioral analysis for the reasons discussed earlier. A 
linear fit to the log-log data for S2-S8 is shown (dashed line, blue, slope = -
0.6692, and correlation ~ 0.92), and an approximate representation 
(estimating both n-type and p-type in one) of the equivalent behavior for 
silicon at 300K from [4] is also shown (solid line, black, slope = -0.8). 

Figure 4 is a log-log scatter plot of resistivity versus 
carrier concentration for S1-S8 of this work, with the data 
points labelled. S1 is included but excluded from the 
behavioral analysis for the reasons discussed earlier. A 
linear fit to the log-log data for S2-S8 is shown (dashed 
line, blue), and an approximate representation (estimating 
both n-type and p-type in one) of the equivalent behavior 
for silicon at 300K from [4] is also shown (solid line, 
black). 

We firstly observed that the linear fit of the S2-S8 data 
has a linear fit correlation of only ~0.92, and it appears the 
greatest deviations occur around the mid-levels of carrier 
concentration, with higher magnitude resistivity deviations 
above mid-level carrier concentration, and lower magnitude 
resistivity deviations below mid-level carrier concentration. 
Nevertheless, the linear fit is a reasonable representation of 
the S2-S8 behavior.  

The slope of the linear data fit is -0.6692, which is less 
steep than the estimated black line representation for silicon 
from Ref. [4] of -0.8, which gives an important indicator 
that we have less of a reduction in resistivity as we increase 
the carrier concentration in these TMD materials. 

Another important observation when comparing the 
linear fit to the data and the estimated black line 
representation for silicon from Ref. [4] is that the resistivity 
magnitude for the TMD materials is ~4x higher than for 
silicon at low ~5 x 10

15
 cm

-3
 carrier concentration levels 

and ~10x higher than for silicon at high ~5 x 10
19

 cm
-3

 
carrier concentration levels. Therefore, it can be clearly 
deduced that this comparatively higher magnitude and 
shallower slope for the resistivity versus carrier 
concentration for the TMD materials when compared to 
silicon will reduce the Hall mobility by a factor of ~4-10 
depending on carrier concentration when compared to 
silicon. 

If we assume that this Hall mobility reduction factor 
range of ~4-10 is resulting from the observed contaminants 
in these TMD materials, and that purification processes can 
be developed to improve the long range resistivity and 
stoichiometry of the TMD materials towards (or even 
beyond) that observed in silicon without changing the Hall 
carrier concentration properties, then it may become 
possible in the future to remove the observed Hall mobility 
reduction factor range of ~4-10 in comparison to silicon 
and thus improve on our observed Hall mobility range 
given in Table I and Figure 2 to levels up to or beyond 
~450 cm

2
/V.s at low ~5 x 10

15
 cm

-3
 carrier concentration, 

and ~75 cm
2
/V.s at higher ~5 x 10

19
 cm

-3
 carrier 

concentration for highly pure, stoichiometric, TMD 
materials. 

IV. CONCLUSIONS 

We present a DC-AC Hall-effect analysis on transition-
metal-dichalcogenide 2D materials comprising natural 
crystals of MoS2 and WSe2, and synthetic crystals of HfSe2, 
MoTe2, MoSe2 and Nb-doped MoS2, which have potential 
applications in tunnel FETs, nanoelectronics, optical and 
sensing devices.  



We observe Hall mobility (carrier concentration) values 
from ~7.6 cm

2
/V.s (4.3 × 10

19
 cm

-3
, p-type) for a synthetic 

Nb-doped MoS2 crystal to 171.3 cm
2
/V.s (1.1 × 10

17
 cm

-3
, 

p-type) for a non-intentionally doped natural MoS2 crystal. 
Hence, the Nb-doped MoS2 synthetic crystal exhibits a net 
p-type carrier type and a carrier concentration 
approximately two orders of magnitude higher than a non-
intentionally doped MoS2 natural crystal, with an 
equivalent drop in Hall mobility. The Nb-MoS2 crystal also 
shows a significantly reduced resistivity when compared to 
the other crystals. The relatively high hole mobility 
observed in MoS2 (~171 cm

2
/V-s) is of particular note, as it 

points to the possibility of MoS2 as a single 2D material 
solution for CMOS based circuits.  

Secondary ion mass spectrometry shows higher counts 
of Nb for an intentionally-doped p-type synthetic MoS2 
crystal, in addition to various other high contamination 
counts in both the natural and synthetic MoS2, correlating 
well with the significant range of resistivity and suggests 
that higher mobility values may be achievable in 2D 
semiconductors with higher material purity levels.  

Assessing this point electrically in comparison to 
silicon, the resistivity in these contaminated TMD materials 
reduces less rapidly with increasing equivalent carrier 
concentration levels, and the resistivity is higher in 
magnitude by a factor of ~4-10 compared to silicon, which 
in turn reduces the achievable Hall mobility by at least a 
similar reduction factor if we assume carrier concentration 
levels will remain unchanged in equivalent TMD materials 
grown by alternative controlled methods to achieve good 
stoichiometry and high purity levels. 

It is therefore suggested that such controlled growth 
methods of TMD materials which lead to significantly 
reduced contamination elements/levels, with improved 

stoichiometry, could potentially provide a significant 
increase in Hall mobility assuming no change in carrier 
properties. 

Finally, these results also suggest that in general terms 
intentionally doping 2D materials is feasible and can have a 
significant effect on the electrical properties. 
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