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MXenes are a recently discovered family of two-dimensional transition metal carbides, nitrides 
and carbonitrides with electronic properties that can be tuned by their chemistry and structure. 
Herein THz spectroscopy was used to investigate the microscopic conductivity and photoexcited 
charge carrier dynamics in two Mo-based MXenes: Mo2Ti2C3Tz and Mo2TiC2Tz. We find that both 
have high intrinsic carrier densities (~ 1020 cm-3 in Mo2Ti2C3Tz and ~ 1019 cm-3 in Mo2TiC2Tz) and 
mobilities, and exhibit high conductivities within individual nanosheets. Optical excitation results 
in a transient conductivity increase in both compositions, in stark contrast with the most studied 
member of MXene family, Ti3C2Tz, where photoexcitation suppresses conductivity for 
nanoseconds. De-intercalation of water and other species from between the nanosheets by mild 
vacuum annealing further improves the long-range, inter-nanosheet transport of the 
photoexcited carriers and increases their lifetime. High and long-lived photoinduced conductivity 
that can be engineered by substituting Mo for Ti render the Mo-based MXenes attractive for a 
variety of optoelectronic, sensing and photoelectrochemical applications. 
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1. Introduction

MXenes are an emergent family of 2D transition metal  transition metal carbides, nitrides and 
carbonitrides with the general formula Mn+1XnTz, where M is an early transition metal, X is carbon 
and/or a nitrogen, and n is 1, 2, or 3.  Tz stands for a surface termination, e.g., –OH, –F, =O. Their 
electronic properties have been predicted to span the range from highly conductive metallic to 
semimetallic, semiconducting and even topologically insulating1-7. 

Some MXenes exhibit phenomena such as record high volumetric capacitance and optical 
nonlinearity, suggesting that they can find use in charge storage, transparent flexible conductors, 
electromagnetic shielding and nonlinear optical devices8-17. This wide variety of properties and 
potential applications underscores the need to understand the mechanisms of carrier transport 
in these new materials as a function of their chemical composition, terminations and processing 
method.

To fabricate MXenes, the A element such as Al is removed from a parent MAX phase, typically by 
etching, mostly in F-containing aqueous media. During the etching process, the A layers are 
replaced by the surface terminations, Tz. Once a typically aqueous colloidal suspension of MXene 
is formed, films can be readily formed from the latter by coating them on substrates. In these 
films, water molecules and cations occupy the space between individual MXene nanosheets and 
can affect transport properties, such that removing them by annealing can sometimes lead to 
dramatic changes in transport properties1, 7. The transport properties of MXene films result from 
a complicated interplay of intra-nanosheet carrier transport determined mainly by the properties 
of the Mn+1Xn cores and affected by their point and other defects, and long-range, inter-
nanosheets transport. The latter carrier motion is sensitive not only to the nature of Tz, but also 
to the properties of the nanosheet edges and any species intercalated between the nanosheets. 

Titanium carbide MXene Ti3C2Tz was the first discovered and has since been the most extensively 
studied. Studies have demonstrated that not only are individual Ti3C2Tz MXenes flakes metallic 
with a high carrier density 
and mobility, consistent with 
DFT calculations that predict 
high density of states at the 
Fermi level EF, but 
macroscopic Ti3C2Tz films 
retain metallic-like 
conductivity with positive 
dR/dT over a broad 
temperature range3, 7. The 
metallicity is also evidenced 
by single nanosheet 
measurements18. 
The situation is more 
complicated in molybdenum, 
Mo-based MXenes.  While 

Figure 1. Schematic depiction of (a) Mo2TiC2Tz and (b) Mo2Ti2C3Tz structure. (c) 
Effect of vacuum annealing on a film structure and inter-nanosheet distance.
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non-spin-polarized DFT calculations predict them to be metallic with significant DOS at the EF,19 
accounting for spin polarization opens of a small (tens of meV) gap in –OH and –F terminated 
Mo-MXenes but not in O-terminated Mo-MXenes3. 

Experiments have shown that replacing some or all of Ti with Mo in a MXene structure 
results in a lower carrier density, and a semiconductor-like behavior has been reported in several 
studies of multi-layer Mo-MXene films as resistivity showed a slow increase at lower 
temperatures (dR/dT<0)1, 3, 7, 19. However, systematic temperature-dependent magneto-
transport measurements of Mo-based MXenes revealed that they behave like disordered 
systems, not unlike granular metals. Their long-range conductivity is limited by the inter-
nanosheet carrier transfer which occurs mainly by variable range hopping (VRH), with a 
contribution from a thermally-activated mechanism at higher temperatures1. These experiments 
also demonstrated that conductivity is strongly dependent on inter-nanosheet distance, and 
increases by orders of magnitude when annealing reduces this distance by releasing the water 
and other intercalants from the inter flake space. Finally, vacuum annealing (up to 775 °C) 
Mo2TiC2Tz at temperatures that are sufficiently high to eliminate most intercalated species was 
found to reverse the sign of dR/dT from negative to positive (metallic-like), establishing the intra-
nanosheet metallicity of Mo2TiC2Tz, and demonstrating that the dR/dT<0 behavior of multi-layer 
Mo-MXenes is most probably caused by the inter-nanosheet species.7 However, an exact picture 
of the microscopic conductivity and charge carrier dynamics in Mo-MXenes, remains incomplete.  

Terahertz (THz) spectroscopy, an all-optical, non-contact probe of microscopic conductivity, 
equilibrium and non-equilibrium free carrier dynamics, can provide just the insight needed for a 
comprehensive picture of the transport properties over microscopic length scales.20-21 With the 
THz pulse bandwidth of 0.25 – 2.1 THz (or, equivalently, 1-10 meV in terms of photon energy), 
free carrier absorption results in attenuation of the THz probe pulse transmitted through a 
MXene film, and the strength of this absorption is governed by the free carrier density and 
mobility. THz spectroscopy yields a frequency-resolved complex conductivity without the 
complication of electrical contacts. It is sensitive to the carrier motion on length scales, L of tens 
to hundreds of nanometers, determined by the probing THz frequency  according to 𝐿(𝜔) ∝

 where D is the diffusion constant.22-23 THz conductivity spectra thus represent (𝐷/𝜔)1/2, 
microscopic carrier transport, averaged over many nanosheets present in ~ a 1 to 2 mm diameter 
THz probe spot size.24 Lastly, time-resolved THz spectroscopy (TRTS) takes advantage of the short 
duration of THz pulses to examine the effects of photoexcitation on conductivity and carrier 
dynamics with sub-picosecond, ps, time resolution20, 25-29. In metals, changes in conductivity in 
response to optical excitation include contributions of both intra-band free carrier absorption 
and inter-band transitions which can introduce additional free carriers if the excitation energy is 
higher than the inter-band transition threshold.30 

Recently, we reported on the THz spectroscopic study of a metallic Ti3C2Tz MXene film. We found 
that it has a high, ~ 2x1021 cm-3 intrinsic charge carrier density, relatively high (~34 cm2/Vs) 
mobility of carriers within individual Ti3C2Tz nanosheets, and a long-range mobility of ~ 1 cm2/Vs, 
limited by inter-nanosheet transport.15 In this metallic MXene, photoexcitation with 100 fs 
duration, 800 nm laser pulses induces transient suppression of conductivity, which recovers over 
hundreds of ps. The transient suppression is believed to be due to the excitation-induced 
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reduction in mobility of existing free carriers playing a more important role that a small increase 
in carrier density by inter-band excitation.

Here, we exploit the ability of THz 
spectroscopy to glean information about 
both inter-nanosheet and intra-nanosheet 
contribution to conductivity to investigate 
the microscopic conductivity and carrier 
dynamics in two Mo-based MXenes, 
Mo2Ti2C3Tz and Mo2TiC2Tz (Figure 1 (a, b)) 
films. Earlier transport measurements 
demonstrated that intercalation of water 
and tetrabutylammonium cations (TBA+) 
between the nanosheets that occurs during 
film preparation increases the inter-
nanosheet spacing and electrical 
resistance, resulting in negative dR/dT 
values.1 Vacuum annealing has been 
found to increase conductivity and reduce 
the inter-nanosheet distances by releasing 
some of the intercalants (Figure 1c)1, 7. In 
this study, we investigated how a mild 
(200 °C) vacuum anneal impacts transport 
properties of these two Mo-based 
MXenes. 

One finding of this work is the 
dramatically different response of the Mo-
based MXenes to photoexcitation 
compared to that of Ti3C2Tz. Unlike Ti3C2Tz, 
where optical excitation suppresses 
conductivity, here a long-lived positive 
photoconductivity in both  Mo2Ti2C3Tz and 
Mo2TiC2Tz, with a lifetimes that can be 

increased by annealing. We hypothesize that over an order of magnitude lower intrinsic carrier 
density (~ 1020 cm-3 vs ~ 1021 cm-3 in Ti3C2Tz) makes the inter-band carrier excitation the most 
pronounced effect of photoexcitation on conductivity in Mo-based MXenes. These findings 
highlight the broad range of optoelectronic properties of metallic MXenes, where substituting Ti 
for Mo at some of the transition metal sites and changing the inter-layer spacing by annealing 
can also be used to engineer the transient photoconductive response. 

2. Experimental Details.

2a. Samples

The MAX powders were made by mixing molybdenum, Mo, (-325 mesh, Alfa Aesar), titanium, Ti, 
(-325 mesh, Alfa Aesar), aluminum, Al, (-325 mesh, Alfa Aesar) and graphite, C, (-300 mesh, Alfa 

Figure 2. (a) Schematic diagram of THz TDS and TRTS. (b) 
Probing motion of photoexcited carriers in MXene nanosheet 
by THz probe pulses. (c) THz waveforms transmitted through 
the substrate, through a MXene film on a quartz substrate, and 
the photoinduced change in the transmitted waveform 2 ps 
after excitation with ~ 256 µJ/cm2, 800 nm pulse. Comparing in 
the frequency domain the magnitude and phase (d) of THz 
pulses transmitted through the substrate with and without a 
MXene film yields a complex conductivity 𝜎(𝜔) = 𝜎1 +𝑖𝜎2
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Aesar), powders in a molar ratio (Mo:Ti:Al:C) of 2:1:1.1:2 and 2:2:1.1:2.8 for Mo2TiAlC2 and 
Mo2Ti2AlC3, respectively. The mixed powders were ball milled using zirconia balls in plastic 
containers for 24 h at 70 rpm and then heated under flowing argon (Ar) at 1600 °C for 4 h. The 
heating and cooling rates were set at 5°C/min. The resulting loosely sintered blocks were ground 
using a milling bit on a drill press and the resulting powders passed through a 400 mesh (particle 
size < 38 µm) sieve to use for further experiments19. To etch the resulting MAX phases, 1 g of 
sieved MAX powders was slowly added to 10 ml of 50% HF solution and stirred for 72 h at 55°C 
and 500 rpm. The resulting slurry was transferred into a 50 mL centrifuge tube and DI water was 
added to completely fill the remaining volume. It was then centrifuged at 3500 rpm for 60 s and 
the resulting clear supernatant discarded after which the washing was repeated until the pH of 
the solution was ≈ 7. 

To aid in the dispersion of the nanosheets one ml of 1.5 M tetrabutylammonium hydroxide, 
TBAOH, solution is added to the resulting sediment. The mixture was then shaken using a vortex 
shaker for 0.5 h. Then 200 proof ethanol, EtOH, was added to fill the remaining volume of the 
centrifuge tube and shaken for 120 s and later centrifuged at 3500 rpm for 60 s. The clear EtOH 
supernatant was then discarded and the process was repeated 2 more times. EtOH is used 
because it prevents the MXene nanosheets from deflocculating and washes away any excess 
TBAOH. After the last wash, the EtOH was discarded and 30 ml of DI water was added to the 
MXene slurry which was then hand shaken for 0.5 h to form a MXene colloidal suspension. To 
separate the non-delaminated multilayer MXene and unetched MAX phase particles, the colloid 
is centrifuged at 3500 rpm for 0.5 h and the supernatant is stored for further use. 

For the THz measurements, a ~ 80 nm thick film of Mo2Ti2C3Tz was spin-coated onto on 1 mm 
thick quartz substrates (Figure S1). XRD patterns of this film showed that the d-spacing between 
nanosheets was 3.2 nm.   Since we could not produce a high enough colloid concentration for the 
Mo2TiC2Tz composition for spin coating, in this case a film was produced by drop-casting the 
colloidal suspension directly onto a quartz substrate to yield a thicker (~ 1300 nm, Figure S1) film 
that XRD indicated contained some un-reacted Ti3AlC2 (see Figure S3).  The optical absorption 
coefficient (Figure S2) for this composition is lower than that for Mo2Ti2C3Tz. Samples were cut in 
half, and one part of each sample was annealed for 12 h in vacuum (< 20 mTorr) at 200 °C. To 
understand the effect annealing on the films, XRD patterns were obtained after annealing and 
compared to those before annealing. Figure S3 shows that upon annealing the d-spacing of the 
Mo2Ti2C3Tz sample decreased from 3.2 nm to 2.0 nm. The results for the Mo2TiC2Tz films were 
more ambiguous.

2b. THz Spectroscopy.

THz spectroscopy measurements were carried out as described previously and illustrated 
schematically in Figure. 2.15, 26-27 In brief, ps-long THz pulses with the bandwidth between 0.25-
2.2 THz (1-9 meV) are generated by optical rectification of 100 fs, 800 nm pulses in a 1 mm thick 
[110] ZnTe crystal. The pulse were focused onto the sample using off-axis parabolic mirrors 
(Figure 2(a)).  At normal incidence, the THz pulses probe conductivity parallel to the substrate, 
and therefore mainly in the basal plane of the nanosheets comprising the MXene films (Fig. 2(b)), 
which is of particular interest as transport in MXenes is predominantly two dimensional.31 

Page 5 of 18

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Transmitted THz pulses are detected using free-space electro-optic sampling in a second 1 mm 
thick [110] ZnTe crystal. 

In THz TDS, coherent detection of the amplitude and phase of THz probe pulses (Fig. 2(c)) in 
the time domain allows for the extraction of a sample’s frequency-dependent complex 
conductivity by comparing, in the frequency domain, the amplitudes and phases of the THz pulses 
transmitted through the substrate alone and the sample on the substrate (Fig. 2(d)). All 
experiments were carried out at ambient conditions with humidity in the 30-60% range.  The 
series of dips in the THz amplitude spectrum (Fig. 2d) represents absorption by atmospheric 
water vapor.32 To account for frequency-dependent variation of THz probe amplitude, all fits of 
THz spectra discussed below were weighted by the corresponding THz amplitude spectrum.  

  To investigate the effects of optical excitation on the conductivity of our films, we used 800 
nm (or 1.55 eV), 100 fs pulses as the optical pump, and detected the photo-induced changes in 
the complex THz conductivity using a time-delayed THz probe pulse. As the low energy THz pulses 
are absorbed by the free, mobile carriers in the films, we probe the impact of the photoexcitation 
on the conductivity by following the optical pump – induced changes in the THz absorption as a 
function of optical pump – THz probe delay. In fact, in the limit of small photo-induced changes, 
the negative change in the transmission of the THz probe pulse peak is proportional to the 
transient change in the conductivity, or the photoconductivity, since .∆𝑇(𝑡)/𝑇 ∝ ∆𝜎(𝑡)

3. Results and Discussion
3a. THz TDS: intrinsic microscopic conductivity

Complex, frequency-resolved THz 
conductivity for both MXenes before and 
after a mild, 200 °C, anneal in vacuum are 
shown in Fig. 3. First, comparison of the 
magnitude of the real conductivity (σ1, 
solid symbols) reveals that increase in the 
fraction of Mo correlates with increased 
conductivity in MXene films, an 
observation that is consistent with DC 
electronic measurements1, 31. Analysis of 
the spectral shape of complex frequency-
resolved conductivity yields additional 
information about the microscopic 
conductivity and contributions of intra-
nanosheet and inter-nanosheet transport. 

We model the complex 
conductivity with a phenomenological 
Drude-Smith model, a modification of the 
free carrier Drude conductivity that 
accounts for localization of the mobile carriers on length scales commensurate with their mean 

Figure 3. TDS of Mo2Ti2C3Tz, (a) as deposited and (b) after a 
mild 200 °C vacuum annealing. (c) same as (a) but for 
Mo2TiC2Tz, (d) same as (b) but for Mo2TiC2Tz. Solid symbols 
represent real, and open symbols – imaginary conductivity, 
with lines showing global fits of both the real and imaginary 
conductivity to the Drude-Smith model (Eq. 1) with parameters 
σDC, τDS and c indicated on individual panels.
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free path, such as localization within individual nanosheets.27, 33-41 Complex frequency-resolved 
conductivity is given as where  is a carrier relaxation time,  𝜎(𝜔) =

𝜎0

1 ― 𝑖𝜔𝜏𝐷𝑆(1 +
𝑐

1 ― 𝑖𝜔𝜏𝐷𝑆), 𝜏𝐷𝑆 𝜎0 =

, N is the intrinsic charge carrier density and m* is the carrier effective mass. In this 
𝑁𝑒2𝜏𝐷𝑆

𝑚 ∗

formalism, the DC conductivity is given by  where c is a phenomenological 𝜎𝐷𝐶 = 𝜎0(1 + 𝑐),
parameter that is a measure of carrier localization over the probed length scales. When , 𝑐 = 0
the system is fully percolated and carriers move throughout the sample unimpeded. For , 𝑐 = ―1
the DC is suppressed as the carriers are localized over short distances. In the case of MXene films, 
tested herein, the -parameter can be interpreted as a measure of inter-nanosheet transport, 𝑐
and the long-range conductivity in the DC limit is expressed by the equation given above. 

Short-range carrier mobility within the nanosheets can be calculated as  if m* 𝜇𝑠ℎ𝑜𝑟𝑡 ― 𝑟𝑎𝑛𝑔𝑒 =
𝑒𝜏𝐷𝑆

𝑚 ∗

is known, and the long-range mobility is then given as . Lines 𝜇𝑙𝑜𝑛𝑔 ― 𝑟𝑎𝑛𝑔𝑒 = 𝜇𝑠ℎ𝑜𝑟𝑡 ― 𝑟𝑎𝑛𝑔𝑒(1 + 𝑐)
in Figure 3 represent global fits of both the real and imaginary conductivity component to the 
Drude-Smith model with fitting parameters  and  indicated on the individual panels. 𝜎𝐷𝐶, 𝜏𝐷𝑆, 𝑐
Intrinsic THz conductivity measured by the TDS shows that both Mo2Ti2C3Tz and Mo2TiC2Tz have 
considerable densities of free, delocalized carriers that attenuate the THz probe pulses via free 
carrier absorption. As the carrier effective mass in these MXenes is yet to be determined, we 
assume here that m* = me, for the purposes of comparing intrinsic carrier densities and mobilities 
and elucidating the effects of annealing on those parameters. This approximation also assumes 
that the carrier effective mass is similar in both compositions. With these assumptions, we 
estimate that intrinsic carrier densities to be ~ 2.5x1020 cm-3 for Mo2Ti2C3Tz and ~ 0.2x1020 cm-3 
for Mo2TiC2Tz. While these values are over an order of magnitude lower compared to Ti3C2Tz 
films,15, 18 they are still significantly high, consistent with the metallic nature of these MXenes.1, 7 

Given that the c-parameter is close to -1 and the real conductivity component decreases at lower 
frequencies, it is reasonable to conclude that the materials’ nanosheets edges have a detrimental 
effect on the long-range conductivity. Such suppression of the real conductivity at lower 
frequencies is a hallmark of a system where grain boundaries or potential fluctuations impede 
long range carrier transport, and is observed in many granular and nanostructured materials.33-

34, 41-43 

Again assuming , we estimate that intrinsic, intra-nanosheet mobility in Mo2Ti2C3Tz is 𝑚 ∗ ≈ 𝑚𝑒
~ 30 cm2/Vs, while the long-range, inter-nanosheet mobility is ~ 17 times lower. 𝜇𝑠ℎ𝑜𝑟𝑡 ― 𝑟𝑎𝑛𝑔𝑒

Likewise, for Mo2TiC2Tz, ~ 60 cm2/Vs, and long-range mobility is ~ 8 times lower. This 𝜇𝑠ℎ𝑜𝑟𝑡 ― 𝑟𝑎𝑛𝑔𝑒
observation of the inter-nanosheet transport being strongly impeded agrees well with our 
previous conclusion – viz. VRH and thermally-activated hopping inter-nanosheet transport being 
rate-limiting - reached from analysis of temperature-dependent conventional DC conductivity 
measurements.1 We also find that despite a shorter relaxation time and a stronger suppression 
of inter-nanosheet conductivity, Mo2Ti2C3Tz is more conductive compared to Mo2TiC2Tz, owing to 
a higher free carrier density. Along the same lines DFT calculations on Mo2Ti3C2O2 and Mo2TiC2O2, 
indicate that the DOS at EF in the latter is ≈ 3 times higher than the former consistent with the 
conclusions reached herein. We note in passing that DFT predicts that only O-terminated Mo-
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based MXenes are metallic. Others are predicted to have small band gaps, for which little 
evidence is found herein or elsewhere.3 

Intriguingly, at ~ 30 cm2/Vs, the intrinsic conductivity of Mo2Ti2C3Tz is half that of Mo2TiC2Tz. To 
explain this observation we refer to a recent XPS study of the Mo-based MXenes explored here44, 
where we concluded that: i) The Ti atoms that substitute for Mo in the outer layers are dissolved 
during the etching procedure, and ii) the fraction of Ti in the Mo layers is higher in Mo2Ti2C3Tz 
than in Mo2TiC2Tz. It follows that the fraction of vacant sites in the Mo-layers is higher in 
Mo2Ti2C3Tz, which may very well explain why the intrinsic mobility in the latter is only half the 
former. Recall that the DOS at EF for MXenes in general and for the Mo-based MXenes in 
particular is comprised mostly of Mo d-d orbitals3 and hence any defects in those layers would 
have a disproportionate effect on mobilities. 

Lastly in this section, we find that mild (200 °C) annealing of the films in vacuum, which is thought 
to reduce inter-nanosheet distances by removing water and other species that become 
intercalated between the MXene layer, almost doubles the intrinsic conductivity in a Mo2Ti2C3Tz 

film but has a minimal effect on intrinsic THz conductivity in Mo2TiC2Tz one. From XRD diffraction 
of the Mo2Ti2C3Tz films before and after annealing (Figure. S3) we find that the d-spacing 

decreases from 3.2 nm to 2.0 nm. This 
change is consistent with the increase in 
conductivity observed upon annealing. For 
reasons that are not clear the XRD patterns 
of the Mo2Ti2C3Tz films before and after 
annealing were more ambiguous (see 
Figure S3) and did not allow us to reach any 
conclusions concerning their interlayer 
spacings. However, given that in this case 
there was little change in conductivity, 
whatever changes in d spacings, if any, did 
not alter the conductivity much. 

3b. Time-resolved THz spectroscopy: 
effect of photoexcitation on microscopic 
conductivity

The transient photoconductivity dynamics 
after photoexcitation with 800 nm, 100 fs 
pulses are summarized in Figures 4 and 5 
for Mo2Ti2C3Tz, and Mo2TiC2Tz films, 
respectively. The first important 
observation is the positive sign of the 
transient conductivity change in both films, 
in stark contrast to our previous results for 
the metallic Ti3C2Tz, which exhibited a 
photo-induced suppression of 
conductivity.15 Both Mo2Ti2C3Tz and 

Figure 4. Transient photoconductivity in Mo2Ti2C3Tz (
: photoconductivity decays following excitation ―∆𝑇/𝑇 ∝ ∆𝜎)

with 800 nm, 100 fs pulses with different fluence values, as 
indicated in the legend, for (a) un-annealed, as-deposited film 
and (b) film annealed in vacuum at 200°C. Experimental data 
are fitted to a multi-exponential decay, and resulting decay 
times, which are fluence-independent, are given in panels. (c) 
Comparison of the transient photoconductivity decay for un-
annealed and annealed films.
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Mo2TiC2Tz are intrinsically metallic, albeit with a lower free carrier density. This transient increase 
in conductivity in response to optical excitation suggests that inter-band excitations inject a new 
population of free carriers (electrons and holes) into delocalized states above (or below, in the 
case of holes) EF.  

The following observations are salient:

 Just like for the intrinsic 
conductivity, the observed 
photoconductivity peak 
immediately after optical 
excitation is higher in Mo2Ti2C3Tz 
than Mo2TiC2Tz. At the same 
excitation fluence (256 µJ/cm2), 
change in transmission of the THz 
pulse peak is nearly three times 
stronger despite the thickness of 
the film being significantly smaller 
in the Mo2Ti2C3Tz case. In both 
films, the optical penetration depth 
at 800 nm is comparable to the film 
thickness (Figure S2), and most of 
the 800 nm pump is absorbed over 
the film’s thickness. Therefore, 
lower observed peak 
photoconductivity in Mo2TiC2Tz 
suggests that a large fraction of 
photo-injected free carriers are 
trapped, or recombine, over time 
scales that are beyond the time 
resolution of our measurements, 
viz.< 200 fs.

 In both films, peak 
photoconductivity immediately 
after excitation is followed by a 
multi-exponential decay, 
presumably, as the photoinjected 
free carriers recombine, thermalize 
with the intrinsic carriers or 
become trapped by defects. 

 In both samples, at t1~ 0.6 ps, the fastest decay component is quite fast. It becomes more 
pronounced with increased excitation fluence (and thus number of optically injected free 
carrier density) and is un-affected by annealing. We therefore ascribe it to rapid, carrier 

Figure 5. Transient photoconductivity in Mo2TiC2Tz (
: photoconductivity decays following excitation ―∆𝑇/𝑇 ∝ ∆𝜎)

with 800 nm, 100 fs pulses with different fluence values, as 
indicated in legends, for (a) un-annealed, as-deposited film 
and (b) film annealed in vacuum at 200°C. Same fluence values 
were used in (a) and (b), given in a legend in (b). Experimental 
data are fitted to a multi-exponential decay, and resulting 
decay times are given in the graphs. (c) Comparison of the 
transient photoconductivity decay for un-annealed and 
annealed films.
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density-dependent processes such as carrier-carrier scattering and, possibly, Auger 
recombination.

 In Mo2Ti2C3Tz, we resolve three more decay slower components, one on the order of ps, 
another, on the order of tens of ps, and a significantly slower one (> 200 ps) that we 
cannot measure accurately as it extends well beyond our time range.  The specific decay 
times are not affected by the excitation fluence in the studied range, and the contribution 
of the individual exponential components scale linearly with the fluence. In Mo2TiC2Tz, 
two more decay components are observed, in addition to the aforementioned 0.6 ps 
decay. One of them decays over tens of ps, the other – over > 200 ps. It is reasonable to 
expect that similar carrier relaxation and trapping processes are present in both 
materials; in this case, the relaxation process that we do not directly observe in Mo2TiC2Tz 
may occur over a much shorter time scale, beyond our experimental time resolution. 

 Overall, when we compare the photoconductivity decays for the un-annealed films, we 
find that the photoexcited excess free carriers remain delocalized for much longer in 
Mo2Ti2C3Tz, with a photoconductivity at 100 ps after the excitation at nearly a third of its 
peak value. In the Mo2TiC2Tz film, that value is < 10 % which suggests a higher density of 
defect trap states that can efficiently capture photoexcited free carriers in this film.

Lastly in this section, we observe that annealing at 200°C, which has previously been 
shown to remove water molecules and TBA+ ions trapped between the nanosheets in the 
film and decrease the inter-nanosheet distance,1, 7 has only a minor effect on the 
magnitude of photoconductivity but leads to significant changes in the photoconductivity 
dynamics and free carrier lifetime. In both films, decay times of the processes that occur 
over ps to tens of ps shorten, while the slowest component (> 200 ps) becomes more 
pronounced, as can be seen particularly clearly in the semi-log plots in Figures 4(c) and 
5(c). The changes are much more dramatic in the case of Mo2TiC2Tz, however.

These results beg the questions: What 
processes are responsible for the observed 
photoconductivity dynamics, and why does 
the annealing have these effects? Before 
answering these questions, we can gain 
additional insight by analyzing the 
frequency-resolved, complex 
photoinduced conductivity at different 
times after optical excitation, within the 
Drude-Smith formalism. In TRTS, the 
unexcited sample serves as a reference. 
The photoconductivity spectra at a specific 
time after photoexcitation provide a 
snapshot of the optically-excited changes 
to the microscopic conductivity due to 
inter-band excitation of new carriers as well Figure 6. Photoinduced change in complex THz conductivity in 

Mo2Ti2C3Tz at different times after excitation with  excitation 
with ~ 256 µJ/cm2, 100 fs, 800 nm pulses for an un-annealed 
(left) and annealed (right) films. Solid and open symbols show 
real, and imaginary conductivity components, respectively. 
Lines are fits of experimental data to Drude-Smith model. 
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as the changes in mobility of existing carriers by intra-band excitation and thermalization between 
the intrinsic and photoinjected carriers.  The photo-conductivity spectra at three different times 
(5 ps, 15 ps, and 50 ps) after excitation for Mo2Ti2C3Tz films are shown in Fig. 6. The results are 
shown before annealing (left panels) and after (right panels in Fig. 6). Figure 7 shows the 
photoconductivity spectra at three times (3 ps, 5 ps, and 20 ps) for the un-annealed and annealed 
Mo2TiC2Tz films.

For both MXenes, the shape of the 
photoconductivity spectra are quite 
different from the intrinsic conductivity 
and exhibit less suppression of the real 
component at low frequencies. The 
scattering time and the c-parameters 
obtained by fitting the experimental data 
to the Drude-Smith model capture this 
difference. The 1.55 eV excitation creates 
a population of free carriers (electrons 
and holes) that have longer scattering 
time compared to the intrinsic free 
carriers and experience a less negative c-
parameter (-0.67 vs -0.94 for the un-
annealed Mo2Ti2C3Tz film, and -0.75 vs -
0.86 for Mo2TiC2Tz film), demonstrating 
the higher long-range, inter-nanosheet 
mobility compared to the intrinsic free 
carriers (Table 1). This suggests that an 
optical pulse injects a population of 
electrons (holes) into delocalized bands at 
the energies above (below) the Fermi level, EF. We find that these extrinsic carriers are less 
affected by the inter-nanosheet boundaries compared to the intrinsic carriers at EF. 

Mo2Ti2C3Tz Mo2TiC2Tz

Intrinsic carriers, un-annealed -0.941±0.007 -0.864±0.013

Intrinsic carriers, annealed -0.875±0.013 -0.895±0.005

Photoexcited carriers, un-annealed -0.67±0.02 -0.75±0.02

Photoexcited carriers, un-annealed -0.62±0.02 -0.69±0.02

Table 1. Drude-Smith c-parameter for intrinsic and photoexcited carriers in un-annealed and annealed 
Mo2Ti2C3Tz and Mo2TiC2Tz.

Over the time scales given by the photoconductivity dynamics (Fig. 4 and 5), those excess 
carriers become trapped by the available defect states, recombine and eventually relax back to 
the ground state. 

Figure 7. Photoinduced change in complex THz conductivity in 
Mo2TiC2Tz at different times after excitation with  excitation 
with ~ 512 µJ/cm2, 100 fs, 800 nm pulses for an un-annealed 
(left) and annealed (right) films. Solid and open symbols show 
real, and imaginary conductivity components, respectively. 
Lines are fits of experimental data to Drude-Smith model.
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Looking more closely at the Mo2Ti2C3Tz film, the magnitude of the photoinduced conductivity at 
5 ps in the DC limit after photoexcitation with a 256 µJ/cm2 pulse is nearly one third of the 
magnitude of the intrinsic conductivity and changes little up to 50 ps after photoexcitation. At 
the same time, the excess carrier density, estimated from the Drude-Smith fitting with m* 
approximated by me, is only ~1% of the intrinsic carrier density at ~ 1018 cm-3. This observation 
underscores that optically injected carriers have higher short-range, intra-nanosheet, as well as 
long-range, inter-nanosheet, mobility and therefore contribute significantly more to 
conductivity. Annealing causes subtle changes in the spectral shape. Fitting the data to the 
Drude-Smith model, we find that annealing result in a small but detectable increase in the c-
parameter experienced by the photoexcited carriers from 0.67±0.02 to -0.62±0.02. This implies 
that, like for the intrinsic carriers, annealing enhances intra-nanosheet transport for photoexcited 
carriers. This results presumably from the reduced intra-nanosheet spacing as confirmed by XRD 
diffraction. The scattering time (and therefore the average photoexcited carrier mobility) varies 
between ~ 75 fs to ~ 50 fs with time and excitation (Fig. 8). 

Figure 8 plots the scattering time, DS, as a 
function of photoexcited carrier density 
scaled by the effective mass extracted 
from the Drude-Smith fitting of data at 
different times and excitation fluences. 
Here the scattering time increases at lower 
carrier densities, a hallmark that carrier-
carrier scattering plays a prominent role at 
high carrier densities.45-46 Annealing 
increases carrier scattering time in 
Mo2Ti2C3Tz, an increase we hypothesize 
results from the removal of intercalated 
species present on surfaces of the 
nanosheets, which affect the motion of 
carries in the conductive core regions of 
the nanosheets by causing potential 
fluctuations. The combined effect of 
improved intra-nanosheet and inter-
nanosheet carrier mobility, represented by 

the changes in both scattering time  and c-parameter, is probably responsible for improved 𝜏𝐷𝑆
carrier transport in annealed Mo2Ti2C3Tz. These observed, annealing-induced, changes in mobility 
of free carriers and their ability to move between neighboring nanosheets may help explain 
changes in dynamics. If the intermediate time-scale photoconductivity decay components, ~ 10 
ps and ~ 85 ps ( ~ 4 ps and 76 ps after annealing), represent trapping of mobile carriers by defects 
near nanosheet edges, then the higher mobility and improved inter-nanosheet transport in the 
annealed film facilitates it. Said otherwise, the better long-range mobility results in faster 
trapping of the photoinduced carriers at nanosheet boundaries. Carrier trapping and 
recombination at point defects within the individual nanosheets is likely responsible for the 
slowest, >200 ps, decay component which is slowed after annealing, suggesting that mild 

Figure 8. Scattering time  as a function of photoexcited 𝜏𝐷𝑆
carrier density in Mo2Ti2C3Tz scaled by the effective mass, 
extracted by fitting the complex photoconductivity spectra at 
different times after excitation and different excitation fluence 
values for un-annealed (open symbols) and annealed (solid 
symbols) samples. 
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annealing may ‘heal’ some of the point defects. Alternatively, annealing may lessen their 
deleterious effect by removing water and other intercalants from their vicinity if those species 
are co-located with the point defects that facilitate carrier trapping. 

The photoinduced conductivity in the Mo2TiC2Tz films (Fig. 7) is an order of magnitude 
smaller than in the Mo2Ti2C3Tz films, even at early times as presumably most photoexcited carriers 
recombine or become localized over very short time scales. For a small fraction of photoexcited 
delocalized carriers that remain after the initial fast decay, the photoconductivity spectra share 
many similarities with Mo2Ti2C3Tz. Again, carrier scattering time (and therefore the intra-
nanosheet mobility) is higher than that for the intrinsic free carriers (60±5 fs vs 36±4 fs). This 
scattering time is unchanged for different times after excitation and excitation fluence values, as 
the low photoinjected carrier density does not allow for a significant carrier-carrier scattering 
contribution. Moreover, unlike the Mo2Ti2C3Tz film, annealing does not significantly impact the 
carrier scattering time in Mo2TiC2Tz. It does, however, improve inter-nanosheet transport, as 
evidenced by changes in c-parameter from -0.75±0.02 to -0.69±0.02 after annealing. Again, this 
c-parameter is less negative than the one characterizing the intrinsic, not photoexcited, carriers, 
suggesting that photoexcitation generated a new population of delocalized carriers that have an 
easier time travelling between nanosheets. Looking back at photoconductivity dynamics (Fig. 5), 
annealing has a much more dramatic effect on the lifetime of photoexcited carriers in Mo2TiC2Tz 
than Mo2Ti2C3Tz, which may imply a larger density of defects both at the nanosheet edges and 
point defects within the nanosheets. Presumed edge trapping time reduces considerably in the 
annealed film, from ~ 50 ps to ~ 9 ps, as inter-nanosheet hopping is enhanced, as evidenced by 
the change in c-parameter. The longer time scale component is also dramatically slowed, as can 
be best seen in Fig. 5(c), suggesting that Mo2TiC2Tz nanosheets are more susceptible to the 
deleterious effects of point defects and intercalated species on the lifetime of photoinduced 
carriers. 

A recent XPS study on Mo2TiC2Tz and Mo2Ti2C3Tz films concluded that the harsh conditions 
needed to etch these phases into monolayers, results in their partial oxidation44.  The TBAOH 
used to delaminate the monolayers resulted in further oxidation and a reduction in the F-content. 
In all cases, etching resulted in a decrease in the Ti to Mo ratio and the loss of Ti also resulted in 
the loss of C atoms. The Ti atoms lost are presumed to be ones that had substituted for Mo in 
the outer layers47. Evidence was also presented for O substituting for C-vacancies. It follows that 
in the final analysis the microstructures of the films fabricated is quite complicated, which 
partially explains the complex transport response observed herein. Needless to add much more 
work, beyond the scope of this paper, is needed to fully understand the subtle interactions 
between electronic transport and defects in general, and point defects in particular. This 
comment notwithstanding, the results obtained herein are an excellent first attempt at fleshing 
out some of these interactions. There are few other techniques that can do that. 

4. Summary and Conclusions

An overall better picture of the microscopic carrier mobility and carrier dynamics in Mo-
containing MXenes emerges from the results shown herein and earlier temperature-dependent 
transport measurements1. Demonstrated previously to be metallic, individual 2D Mo2Ti2C3Tz and 
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Mo2TiC2Tz nanosheets have high intrinsic carrier density (on the order of 1020 cm-3). These 
intrinsic free carriers, as well as excess carriers injected by intra-band optical excitations, 
experience band-like, delocalized transport within individual nanosheets. 

However, the inter-nanosheet boundaries strongly suppress long-range transport in these films, 
and long-range, inter-nanosheet mobility of intrinsic carriers is nearly an order of magnitude 
lower than short-range, intra-nanosheet mobility. Our results are consistent with those of Halim 
et al., who concluded that VRH with possibly a contribution of thermally activated transport at 
temperatures > 130 K, is the operative mechanism for carriers to move between the individual 
2D nanosheets.1 

In stark contrast to Ti3C2Tz films where we have recently reported suppression of conductivity by 
optical excitation, here we find that optical excitation with 1.55 eV photons increases 
conductivity of both Mo2Ti2C3Tz and Mo2TiC2Tz films. This enhancement occurs by injecting 
additional free carriers by intra-band optical excitations. Both short-range (intra-nanosheet) and 
long-range (inter-nanosheet) mobility is higher for the photoexcited carriers compared to the 
intrinsic carriers, possibly because they reside in higher energy states with different average band 
curvatures. 

Annealing further improves short- and long-range carrier transport of photoexcited carriers in 
both studied films. We conjecture that trapping at point defects within the nanosheets and/or at 
the nanosheets edges and interfaces rapidly reduces the photoexcited carrier density within the 
first tens of ps, and these processes are even faster after annealing when inter-nanosheet 
transport is improved. However, a fraction of photoexcited carriers survive for substantially 
longer periods, well over 200 ps, suggesting that these carriers are confined within the 
nanosheets. This fraction is significantly higher in Mo2Ti2C3Tz than in Mo2TiC2Tz, and in both Mo-
MXenes, it is increased after annealing. 

In summary, Mo-based MXenes exhibit optical absorption across the visible and near-infrared 
range. Unlike Ti3C2Tz, where photoexcitation suppresses conductivity, the Mo-based MXenes 
demonstrate a high and long-lived photoinduced  conductivity. These observations highlight a 
wide range of properties that can be achieved by engineering MXene’s structure and 
composition. In the specific case of Mo2Ti2C3Tz and Mo2TiC2Tz, their properties render them 
attractive for a whole host of optoelectronic, sensing and photoelectrochemical applications. 
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