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[bookmark: _Hlk157420302][bookmark: _Hlk158209319]ABSTRACT: Overcoming the Schockley-Queisser limit in photovoltaic systems is an ongoing focus.  Processes such as impact ionization that produce carrier multiplication in bulk materials are typically inefficient due to the requirements of energy and momentum conservation.  Transition metal dichalcogenides, which are of interest for numerous reasons have, additionally, recently been shown to exhibit very efficient carrier multiplication (CM) in thin films of 2H-MoTe2 and 2H-WTe2 formed by chemical vapor deposition (CVD).  The photoconductivity in the thin films exhibited ultrafast (< 1 ps) dynamics, atypical of most indirect semiconductors, that may be hard to translate to increased photovoltaic efficiency.  To provide a window to the impact of material quality on this intriguing CM effect, we used optical-pump terahertz-probe (OPTP) techniques to investigate carrier lifetimes and the efficiency for carrier multiplication for bulk single-crystals of 2H-MoTe2 produced by chemical vapor transport (CVT).  Efficient carrier multiplication is observed in this bulk single-crystal and photocarrier lifetimes are increased by orders of magnitude although there is still evidence of photocarrier localization in the THz frequency response.


Introduction
Carrier multiplication (CM) can occur in semiconductors when an electron or hole is excited to an energy greater than twice the band gap and the excess energy is converted into additional carriers by processes such as impact scattering.  Enhancing carrier multiplication for photovoltaic applications has been a topic of significant interest in recent years,1-5 with a goal to overcome the Schockley-Queisser limit by funneling excess excitation energy to create additional carriers rather than to losses by lattice heating.  However, the efficiency for impact ionization is typically limited by energy and momentum conservation constraints.  This limitation leads to small effects in most bulk semiconductors, until photon energies are well above the bandgap, Eg.   For example, almost 4 x Eg is required for Si.6-8   The situation is more promising in the case of nanomaterials where momentum conservation is relaxed, with CM efficiencies > 90 % measured in some cases. 9-12 
The ability to harness carrier multiplication processes in bulk materials would convey significant additional advantages in optoelectronics and photovoltaics applications, making recent work indicating increased internal quantum efficiencies in 2H-MoTe2 of great interest.13-15 2H-MoTe2 is a 2D transition metal dichalcogenide (TMDC) with a bulk indirect band gap of ≈ 0.9 eV between the K point and the S point in the Brillouin zone (BZ) and a direct band gap of ≈ 1.1 eV at the K point.13,15  Throughout the discussion below we will refer to the 2H-MoTe2 structure as simply MoTe2.  
[bookmark: _Hlk158203236] Photo-induced absorption (PIA) and bleaching (PIB) measurements on multilayer MoTe2 thin (16.4 nm) films grown by chemical vapor deposition (CVD) revealed an increase in the number of photocarriers per photon for excitation energies about two times the band gap.  A quantum yield of 2 was observed for photon energies between about 1.7 eV and 2.4 eV and continued to increase with further increases in the excitation energy, reaching approximately 3 at about 3 times the bandgap.13  Comparable carrier multiplication effects were also observed in that study for a similar 2H TMDC WSe2.   
Further support for increased photocarrier yield was provided by measurements of the photocurrent generation in dual-gate devices, using exfoliated MoTe2 as the active medium.  In agreement with the all-optical PIA and PIB measurements, an increase in photocarrier yield was observed, with a measured increase by a factor of about 2 from 2Eg to 3Eg, where Eg is the MoTe2 band gap.14  The authors allude to the fact that observation of the IQE versus excitation at photon energies below 2Eg was complicated by trapping and defect levels in the device structure but this study indicates that observation of CM does not require ultrafast optical measurements.
Finally, optical-pump terahertz-probe measurements with pump photon energies ranging from 1.55 eV to 4.00 eV were used to monitor photocarrier generation in few layer films (≈ 5 nm) of MoTe2 formed by CVD.  When the photon energy reached ≈ 2.5 eV, close to twice the bandgap, the quantum yield for photocarrier generation, determined from the change in transmission of the broad-band THz pulse, increased (≈ x 2) and continued to increase up to the maximum photon energy of 4 eV.15  
[bookmark: _Hlk158203581]THz and transient absorption measurements indicated an ultrafast fast photoconductivity decay accompanying carrier multiplication, on the order of 1 ps, assumed to occur by surface recombination.  While fast photocarrier dynamics are potentially useful for photodetector applications or high-speed modulators, they are detrimental for many applications in optoelectronics and photovoltaics.  Use in these areas will require slower photocarrier dynamics, possibly attainable in higher quality single-crystal materials.  Higher quality bulk materials are less likely to be impacted by such defects but may suffer from increased constraints on momentum conservation that reduce the efficiency for impact ionization and, thus, carrier multiplication.16,17 There are no measurements of CM in single-crystal MoTe2 to benchmark the potential impact of disorder, and attendant localized band edge states, in CVD films on carrier lifetimes and impact ionization.   

[bookmark: _Hlk158203986]To shed light on these issues, we employed pump-probe THz measurements to contrast the photocarrier production and dynamics observed in CVD thin films with bulk single-crystals produced by chemical vapor transport (CVT) and thus investigate the CM efficiency and photoconductivity lifetime as a function of sample quality.  Our discussion is organized as follows.  We first present experimental details of sample production and characterization.  This is followed by a description of the THz measurement system.  Measurements of the THz photoconductivity, both for the time-dependent dynamics and frequency dependence, are provided in section IV along with modelling of the frequency dependence.  Our focus is on pump-induced photoconductivity in single-crystal MoTe2 but we also include limited results for a CVD MoTe2 film for comparison and to provide a connection with the previous THz measurements.15  We end with a discussion of the measurements and conclusions.
Experimental methods
2H-MoTe2 samples were obtained from several sources.  A thin film of MoTe2, produced by chemical vapor deposition on c-cut sapphire, was supplied by 2D semiconductors.18  UV-Vis transmission were performed to determine the film optical density from 300 nm to 1100 nm.   The results were then used as inputs for Fresnel modeling to determine the film reflectance and absorption.19  The MoTe2 optical constants were taken from Ref. 20.  Fresnel modeling also provided estimates of the film thicknesses of approximately 3 nm (≈ 4 layers) for MoTe2, consistent with the supplier’s specifications.  
[bookmark: _Hlk158204081]All measurements for bulk MoTe2 discussed in this manuscript were performed with a single-crystal sample produced by chemical vapor transport at the National Institute of Science and Technology (NIST).  Details of the growth procedure are supplied in the Supporting Information.  The sample was approximately 150 mm thick.  Raman measurements for this sample are also provided in Supporting Information Figure S1.  Some THz measurements are provided in the Supporting Information for an additional CVT sample acquired from Hq graphene.18  This sample was thicker – approximately 600 mm to 700 mm- resulting in significantly reduced THz transmission.
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Figure 1  Schematic diagram of the THz pump-probe experiment.  The sample is excited by an ultrafast visible pump at either 800 nm or a frequency doubled excitation at 400 nm.  After a delay of Dt, the photoexcited carriers are sampled by a broadband THz beam produced by a second 800 nm excitation in ZnTe.   A third ultrafast 800 nm pulse is used to measure the transmitted THz field by electro-optic sampling in a ZnTe detector crystal.

A schematic of the THz measurement apparatus is provided in Figure 1.21  Photocarrier generation and dynamics were determined by measuring the change in transmission of terahertz (THz) frequency probe pulses (ca. 0.5 THz to 2.5 THz or 120 mm to 600 mm wavelengths) through the MoTe2 samples following photoexcitation at either 800 nm or 400 nm.  The apparatus is based on an amplified femtosecond Ti:sapphire laser system (Coherent MIRA seed and Legend regenerative amplifier)18 that operates at 1 KHz.  Amplified 800 nm pulses (2.0 mJ/pulse and 40 fs full-width half-maximum pulse duration) are split into three arms to generate the excitation pump, terahertz probe, and gated electro-optic detection. The first arm is directed down a delay stage and used for sample photoexcitation at 800 nm (1.55 eV, beam diameter ≈ 3 mm, ≈ 50 fs fwhm duration or at the 2nd harmonic 400 nm (3.1 eV).  Throughout our discussion the reported pump fluence values represent the absorbed number of photons per pump pulse.  To maintain highest throughput and exclude beam walk-off, excitation pulses were directed to the sample using silver coated mirrors and a 3 mm thick near-IR glass blocking filter (during 400 nm excitation) to ensure both 800 nm and 400 nm beams consistently overlapped the THz probe beam between experiments.  Neutral density filters were employed in some cases to modify the pump fluence.
The second arm is directed down another delay stage onto a 1 mm thick zinc telluride (ZnTe <110>) crystal to generate terahertz frequency probe pulses by optical rectification. The generated probe pulses are then focused onto the sample (800 pJ/pulse measured by Gentec-eo T-RAD-USB18 detector, beam diameter 2 mm, ca. 1 ps pulse width) and recollimated for detection by a pair of off-axis parabolic mirrors after being transmitted through the sample. 
The third arm serves to produce a gate pulse for the electro-optic detection scheme. Here, the 800 nm pulses are attenuated and recombined (using a GaAs wafer) with the transmitted terahertz probe pulses in a 0.5 mm thick ZnTe detector crystal. The electro-optic effect in the ZnTe detector crystal results in a depolarization of the 800 nm gate pulse that depends on the magnitude and sign of the electric field of the terahertz probe pulse.  The resulting polarization in the 800 nm gate pulse is analyzed by a λ/4 wave plate and Wollaston prism, and the separated s- and p-polarizations are then collected by a pair of balanced silicon photodetectors and sampled using lock-in amplification (Stanford Research Systems, SR830).18  By varying the probe pulse delay time, tpr, the change in amplitude and phase of the transmitted terahertz pulse waveform is measured, directly providing information that is Fourier-transformed to obtain real and imaginary photoconductivity. The samples were mounted on an aperture to limit the beam size on the sample, typically ≈ 3 mm diameter, housed within a sample chamber purged with dry air to avoid absorption of the terahertz probe by atmospheric water.  To acquire phase-locked unexcited and excited sample transmission waveforms simultaneously, the THz spectrometer employs two SR830 lock-in amplifiers with synchronized choppers running at 500 Hz in the probe arm and 250 Hz in the pump beam arm, respectively.  This scheme permits simultaneous measurement of both the un-excited probe pulse (Eo) and excited change in probe pulse (DE) amplitude to ensure both conditions yield zero relative phase shift as a function of pump-probe delay.22   Both lock-in amplifier analog outputs were sampled with a 10 MHz 16-bit A/D board and data collected with a Labview program.18 All measurements were performed at room temperature.

Optical-pump-terahertz-probe measurements were performed in two formats.23-26  The photoconductivity dynamics in MoTe2 were investigated by employing an ultrafast (≈ 100 fs) visible pump to excite photocarriers in the sample.  The change in transmission of the THz probe, due to intraband scattering,  was monitored at the peak of the terahertz electric field while varying the pump-probe delay.  This provides the time dependence of the frequency-averaged (over the bandwidth of the THz pulse) photoconductivity dynamics.  
The frequency-dependence of the THz photoconductivity was determined from THz time-domain spectroscopy (TDS). The normalized change in the THz waveform, DE/E0, is measured by varying the probe-gate timing with a fixed pump-probe delay, to sweep through the complete time-dependent transmitted THz waveform.  This is performed both with and without the pump present.   = - (Epump – E0) with Epump representing the transmitted THz field with the pump present and E0 is the transmitted field without the pump.  These measurements provide the frequency dependent real and imaginary photoconductivity by application of Fast Fourier Transform (FFT) processing.  In the limit of thin films, or small photoexcitation depth,23,24 the photoconductivity is proportional to DE(w, tpump)/E0(w) where DE(w,tpump) and E0(w) are the Fourier transforms of the respective time dependent waveforms,
D σsheet (ω, tpump ) = .    Eq. 1

The index of refraction at the THz frequency is given by nTHz and Z0 is the impedance of free space = 376.73 Ω.  The fixed delay between the pump and THz probe is given by tpump and is typically 1 ps to 2 ps for most of the measurements provided here.  The bulk photoconductivity is given by  D σbulk (ω, tpump)  =  D σsheet (ω, tpump)/d, where d is film thickness or optical attenuation length in the case of a bulk sample.  A discussion of estimated uncertainties for the THz measurements is provided in the Supporting Information.


Results 
Photocarrier dynamics
We first performed optical-pump terahertz probe measurements on the MoTe2 CVD thin film sample to provide a point of comparison with the results of Ref. 15.  Figure 2 provides the differential change in the THz field normalized to the transmitted THz field without excitation, DE/E0, versus pump-probe delay for pump wavelengths of 800 nm and 400 nm.  DE/E0 was normalized to the absorbed pump fluence of 6.2 x 1013 /cm2 used for both pump wavelengths and, by Eq. 1 above, provides a measure of the photoconductivity/per photon.  The pump fluence used here is above the range investigated in Ref. 15, where linear behavior was observed,  but the THz dynamics are consistent with those observed at lower fluence.
  [image: ][image: ]
Figure 2 (a) Photoconductivity dynamics for CVD MoTe2 film measured with excitation at 400 nm and 800 nm.  The differential change in the transmitted THz field normalized to the THz field without excitation, DE/E0, is plotted versus the pump-probe delay.   DE/E0 is normalized to the absorbed pump fluence of 6.2 x 1013 /cm2 at both wavelengths.    (b) Photoconductivity dynamics for single-crystal MoTe2 with excitation at 400 nm and 800 nm.    DE/E0 is normalized to the absorbed pump fluence of 2 x 1013 /cm2 per pump pulse. The photocarrier decay is significantly longer than observed for the CVD film in Figure 2(a).
The normalized THz transmission (DE/E0) for the CVD film (Figure 2(a)) exhibits a pump induced negative peak near t = 0  pump-probe delay arising from intraband absorption by pump generated free carriers.  Both excitation wavelengths exhibit fast, sub-picosecond rise times (peak response), followed by decays of about 1 ps, limited by the THz pulse width as observed in the previous CVD MoTe2 study.15  Also consistent with the previous investigation, the peak THz photoconductivity/photon is increased by a factor of about 2 for 400 nm versus 800 nm excitation. 
Measurements of the photocarrier dynamics for the CVT MoTe2 sample are provided in Figure 2(b).  The normalized THz transmission, DE/E0, is again compared for pump wavelengths of 800 nm and 400 nm at an absorbed fluence of 2 x 1013 hn/cm2 per pulse, in the regime where DE/E0 is linear with pump power (see below).  This comparison indicates that the photoconductivity per photon for bulk single-crystal MoTe2 is also larger at 400 nm compared to 800 nm, as observed in CVD films.  The most striking difference between the single-crystal and CVD samples is the much slower (orders of magnitude) photoconductivity decay in CVT grown MoTe2 compared to the CVD film.
Comparison of the THz absorption at 400 nm versus 800 nm for the CVT grown sample supplied by Hq Graphene is provided in Supporting Information Figure S2.  This measurement also shows increased pump-induced photoconductivity/per photon at 400 nm versus 800 nm.  
The increased carrier generation at 400 nm versus 800 nm as a function of fluence is displayed in Figure 3, DE/E0 max versus photon fluence.  DE/E0 max is higher for 400 nm compared to 800 nm throughout the fluence range up to 5 x 1013 /cm2.  The maximum increase in photoconductivity for 400 nm was found to be 1.7 ± 0.3 at the lowest fluences for these data.  The fluence also shows the beginning of non-linear behavior at higher fluence, particularly for 400 nm.  (Two additional data points for 800 nm at higher fluence were omitted from this figure for clarity but clearly indicate weak saturation behavior at 800 nm as well.)  The dotted lines in Figure 3 provide fits of the data to a saturation function, DE/E0 max = a *I/(I+I0), where a is a constant, I is the absorbed photon fluence, and I0 is the saturation fluence.  The fits indicate that the saturation fluence at 400 nm, I0(400 nm), occurs at about 4 x 1013 /cm2 while I0(800) is much larger, 17 x 1013 /cm2.  This can be qualitatively rationalized, assuming saturation is controlled primarily by photocarrier density, by the higher photocarrier density at lower fluence for 400 nm excitation due to the factor of 2 from CM and the reduced absorption depth at 400 nm, ≈ 15 nm, versus ≈ 50 nm at 800 nm.27,28  Together these imply that a factor of ≈ 2 x 50 nm/15 nm = 6.7 higher fluence will be required to achieve the same photocarrier density for 800 nm compared to 400 nm, in reasonable agreement with the value of I0(800) / I0(400 nm) = (17 x 1013 /cm2) / (4 x 1013 /cm2) = 4.3 from fitting.
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Figure 3  DE/E0 max values determined from the photoconductivity dynamics for a series of measurements with varying photon fluence per pump pulse.  The blue symbols provide results for excitation at 400 nm and the red symbols for 800 nm.  The dashed lines represent fits to a saturation function, DE/E0 max = a *I/(I+I0) at each wavelength. (see discussion in text)  The inset provides the ratio of the fit to the data at 400 nm versus 800 nm. (A discussion of error bars is provided in the Supporting Information.)
[bookmark: _Hlk147137755]A detailed examination of the photocarrier dynamics was not attempted, due to the weak THz transmission through the 150 mm sample and attendant low signal-to-noise in the pump-probe measurement.  However, additional qualitative insight into the dynamics is provided by time-dependent data for several different fluences in Figures 4(a) (800 nm) and 4(b) (400 nm).  The long photocarrier delay for the lowest fluence is again evident, as in Figure 2(b), in contrast to the sub-picosecond dynamics in CVD thin films.  Fits to single exponentials indicate time constants of at least 100’s ps for both wavelengths. An accurate determination of this long decay constant requires an extended range of pump-probe delay.  
 [image: ][image: ] Figure 4 Photoconductivity dynamics measured for single-crystal MoTe2 with different values of photon fluence per pump pulse at (a) 800 nm and (b) 400 nm.  
[bookmark: _Hlk161745891][bookmark: _Hlk164155075][bookmark: _Hlk164155398]At higher fluence the photocarrier dynamics reveal the presence of additional fast decay components.  This is consistent with the photo-induced bleach measurements13 where this fast decay was assigned to Auger recombination processes.  Biexponential fits to our data produced inconsistent results due to the factors noted above, so details of the dynamics as a function of fluence such as verification of Auger recombination processes could not be addressed.  However, comparison of the fluence dependence in Figure 4(a) and 4(b) suggests that, as for saturation, the fast decay process/processes may become important at lower fluences for excitation at 400 nm. The decay after 800 nm excitation at a fluence of 9.4 x 1013 / cm2 (Figure 4(a)) has a similar contribution from fast decay components as observed for excitation at 400 nm with 5 x 1013/cm2 (Figure 4(b)), a factor of two lower.
Pump-probe scans extending to longer delays at high fluence are provided in Supporting Information Figure S3.  Biexponential fits to these data produced time constants of 260 ps ± 30 ps and 18 ps ± 4 ps for 400 nm excitation and 280 ps ± 30 ps and 19 ps ± 4 ps for 800 nm excitation.  However, even with the extended pump-probe delay range the fit results depended on the fit limits, indicating dynamics beyond a simple biexponential representation. 
Frequency dependent photoconductivity  
Fast Fourier transform processing of DE(w,t)/E0(w), determined from TDS measurements, provides information on the frequency dependent real and imaginary sheet photoconductivity (or bulk photoconductivity if normalized to the sample thickness or absorption depth).26-29 The results can then be compared to predictions based on models of the frequency dependent conductivity to provide insight into parameters such as charge density and scattering time constants.

The THz photoconductivity frequency dependence can be influenced by the relative overlap of the visible pump and THz probe beams.29,30 To ascertain the possible impact in the case of our experimental arrangement, we performed measurements of the frequency dependent photoconductivity for bulk Si.  The results are provided in the Supporting Information Figure S4 and clearly show the expected Drude form for the photoconductivity of Si for frequencies in the range between 0.6 THz and 2 THz, where we limited our analyses.  

For comparison with the previous investigation, we once again began by determining the frequency dependent photoconductivity of the MoTe2 CVD sample.  The results are provided in Supporting Information Figure S5 as the bulk photoconductivity, D σbulk (ω) = D σsheet (ω)/d, where d is the CVD film thickness, estimated to be 3 nm.  We find very good agreement with the magnitude of the real part of the photoconductivity from the previous measurements.  The average value of the real photoconductivity is about 7.5 x 103 S/m at 800 nm and 1.2 x 104 S/m at 400 nm, with similar absorbed photon fluences of about 5 x 1013 hn/cm2, consistent with the increase in photoconductivity per absorbed photon of about 1.6 at 400 nm noted above.  This compares well with the average real photoconductivity of about 4 x 103 S/m at 800 nm and 6.2 x 103 S/m at 400 nm from Figure 2(e) of Ref. 15.  If we normalize for the absorbed photon fluences, assuming the data in Figure 2(e) of Ref. 15 is associated with the highest fluence of about 2 x 1013 hn/cm2 in Figure 2(d) of Ref. 15, then the photoconductivity/absorbed photon is within 30 % to 40 % for the two measurements.
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Figure 5  Frequency dependence of the THz sheet photoconductivity (real and imaginary) determined by FFT processing of TDS data for CVT MoTe2 at a) 800 nm, 5 x 1013 / cm2 and b) 400 nm, 1.3 x 1013 / cm2.  The sheet photoconductivity has been normalized for the fluence/pulse.  The solid lines in each figure represent global fits of the real and imaginary sheet photoconductivity to the Drude-Smith model.
The corresponding results for bulk MoTe2 are provided as the solid symbols in Figures 5 (a) and (b).  The sheet photoconductivity (normalized to the absorbed photon fluence) is displayed in Figure 5(a) for 800 nm and Figure 5(b) for 400 nm. We present the results as the sheet photoconductivity that provides a direct measure of the total carrier densities induced by excitation.  (The bulk conductivity, Dσbulk (ω, tpump) = Dσsheet(ω, tpump)/ d, introduces additional uncertainty in the comparison because of the need to estimate the absorption depths.)

The dispersions of the real and imaginary photoconductivity for bulk MoTe2 are very similar to those determined for the CVD film. (Compare with Supporting Information Figure S5) Consistent with THz dynamics data in Figure 2(b), the data in Figures 5(a) and 5(b) indicate that the photoconductivity per photon is increased at 400 nm compared to 800 nm.  There are, however, noticeable differences in the dispersion of the photoconductivity between our measurements and the previous investigation.15  We find a more pronounced frequency dispersion in both the real and imaginary components.  The imaginary photoconductivity is negative at 0.6 THz and increases monotonically to about 2 THz, crossing through zero at about 1.2 THz. 

The decreasing real photoconductivity at low frequency and the negative imaginary component, cannot be reproduced by the Drude model-

/m*) (   ),       Eq. 2
where N is the photocarrier density, e is the carrier charge, t is the photocarrier scattering time, and m* is the carrier effective mass.23-26
This behavior requires explanations based on carrier localization effects as contained in the localization modified Drude model (LMD)31,32, where disorder leads to Anderson localization with localized band edge states, or the Drude-Smith model, typically invoked for nanostructured systems where localization arises from scattering at nanocrystal or grain boundaries.33-36  The Drude-Smith model has found wide use, despite its phenomenological basis, because of its convenience of application.  The Drude-Smith conductivity is given by,
 = ( 1 +  ).     Eq. 3
[bookmark: _Hlk158205093][bookmark: _Hlk162262668]
The Drude-Smith model considers anisotropic carrier scattering for the first scattering event giving a value of the localization parameter, C, varying between C = 0 for isotropic scattering and C = -1 for backscattering.  The carrier mobility, m, is not directly connected to tDS as it is in the case of t in the Drude model, m = (e * t)/ m*, but is connected by the modification, m = (1+C) (e *tDS)/ m*.37
[bookmark: _Hlk164156010]We mention the LMD model to stress that the photoconductivity frequency dispersion in the bulk MoTe2 is most likely associated with the presence of a high concentration of static defects/doping in the MoTe2,38,39 and not nanoscale structures/domains, typically associated with the Drude-Smith interpretation.  This is consistent with the static low THz transmission observed in single-crystal MoTe2 without optical excitation. However, because the frequency dependence is very similar for the Drude-Smith and LMD models,40 and we are interested in comparing to the previous work,15 we employed Eq. 3 to analyze our THz data.  The data for CVD films in Ref. 15 were found to be consistent with either a Drude or Drude-Smith model and both models were used to fit the data. 
Example Drude-Smith fits for the NIST grown CVT sample are provided as the solid lines in Figures 5 (a) and (b).  The real and imaginary components of the photoconductivity were fit simultaneously to provide a global determination of the model parameters.  Each fit is provided over an extended frequency range to clearly reveal the Drude-Smith form.  The resulting fitting parameters are provided in Table 1.  The carrier effective mass in MoTe2 was estimated as m* = 0.4 me,41,42 where me is the free electron mass. (Ref. 15 appears to have used a value of about m* ≈ 0.3 me.)  
 
Fits to the THz data for the CVD thin film sample employing a Drude-Smith model are also provided in Table 1.  There are differences in the Drude-Smith model fits between our study and Ref. 15 in both the scattering time, tDS, and scattering parameter, C.  A scattering time of about 50 fs was obtained from Drude-Smith fits in Ref. 15 (10 fs for the Drude model fit), while we find larger values closer to about 80 fs to 90 fs.  We also find a larger Drude-Smith scattering parameter, close to -0.8 versus -0.5 in Ref. 15.  

Table 1  Results for sheet photocarrier density, Nsheet, the Drude-Smith relaxation time, tDS, and the Drude-Smith localization constant, C, determined by global fits to the measured real and imaginary photocarrier frequency dependence for CVT and CVD MoTe2.  
	CVT MoTe2
	Nsheet
	tDS
	C

	800 nm
	(4.7 ± .4) x 1016 m-2
	(89 ± 4) fs
	-.72 ± .05

	400 nm
	(6.7 ± .6) x 1016 m-2
	(86 ± 4) fs
	-.76 ± .05

	CVD MoTe2
	Nsheet
	t
	C

	800 nm 
	(1.0 ± .1) x 1016 m-2
	(80 ± 4) fs
	-.79 ± .04

	400 nm
	(1.4 ± .1) x 1016 m-2
	(80 ± 4) fs
	-.80 ± .04














The fit results reveal the same frequency dependence irrespective of the sample form or excitation wavelength (400 nm vs 800 nm), ie., the scattering times and localization parameter, C, show little variation with wavelength or sample type.  The only significant differences in the fit results for different pump wavelengths are the carrier densities.  
 
Discussion 
The common values of tDS and C for CVD and CVT samples and for both pump wavelengths indicate that the characteristics of the photocarriers are the same in all cases.  This implies a constant value of the mobility, m, and that differences in the THz photoconductivity, Ds = e x N x m, as a function of excitation wavelength are associated with changes in the carrier density, N. The observed increase in the photoconductivity/photon at 400 nm versus 800 nm arises from a higher quantum efficiency for photocarrier production due to carrier multiplication at 400 nm.  

The authors of Ref. 15 suggested that carrier multiplication arises from efficient impact ionization for excitation at the G point in MoTe2.  The calculated MoTe2 band structure along the G to K line in the Brillouin zone provides support for an impact scattering process that can satisfy momentum and energy conservation.43-45  A schematic illustration of the MoTe2 band structure, analogous to Figure 3(c) in Ref. 15, is provided in Figure 6, along with the suggested impact ionization process.  Photoabsorption at G becomes possible for photon energies above about 2.4 eV, greater than twice the indirect gap of 0.9 eV from K to S.  Excitation at G leads to asymmetric transitions, suggested to maximize impact ionization,46-49  that are followed by scattering of the excited electron with a valence electron at the K point, resulting in an additional electron-hole pair with two electrons in the conduction band at S.  This process can be efficient because the band structure along G to K satisfies the conditions Dk ≈ Dk and DE ≈ DE.

[image: ]
Figure 6  Schematic representation of the bulk MoTe2 band structure along the G to K line illustrating the potential to satisfy momentum and energy conservation in an impact scattering process.  The excitation at G (purple line) is followed by scattering with a valence electron at K resulting in two conduction band carriers at S.

Time-resolved two-photon photoemission (Tr-2ppe) measurements performed on bulk WSe2 50,51 and associated theoretical work43 provide support for this picture.  2H-WSe2 and MoTe2 have similar band dispersions along the G to K line in the BZ and transient absorption measurements also indicated efficient carrier multiplication for WSe2.13  The time-resolved photoemission provided direct evidence that 400 nm excitation (G point) is followed by ultrafast, ≈ 100 fs, decay to the conduction band edge at the S point, as suggested above.  Ultrafast relaxation to S point was also observed after excitation at the K point.  In the picture above, the excitation at G decays via impact ionization, due to satisfaction of energy and momentum constraints, while decay after excitation at the K point must proceed by phonon assisted processes.  The THz measurement employs a probe with a duration of > 1 ps and thus samples photo-induced carriers that have relaxed to the S point for both pump wavelengths.  The details of this ultrafast relaxation are invisible to the THz measurement.  This rationalizes the common photocarrier frequency dependence observed for both excitation wavelengths.  
Conclusions
We investigated CM in bulk single-crystal MoTe2 using THz pump-probe spectroscopy.  Our results are consistent with previous investigations15 for CVD films in indicating efficient carrier multiplication with photon energies above the band gap, but with some differences.  Photocarrier lifetimes are orders of magnitude longer in single-crystal MoTe2.  The modified decay dynamics suggest that surface recombination does indeed control photocarrier decay in CVD films.13,15 The more convenient film format can thus provide access to efficient carrier multiplication in MoTe2 and similar transition metal dichalcogenides if protocols for surface passivation can be developed.  Our measurements of the photocarrier frequency dependence suggest some carrier localization due to disorder, presumably associated with unintentional doping during growth.
The dominant factors producing efficient impact scattering and carrier multiplication in MoTe2, and other transition metal dichalcogenides, remain unresolved.  Increased confinement in transition-metal dichalcogenides, leading to increased electron-electron interactions that accentuate impact scattering13,15 could play a role.   Any difference in the CM factor between bulk and CVD films, possibly associated with the relaxation of momentum conservation constraints in the CVD films,20,21 is within the uncertainty limits of our measurements.  
The common photoconductivity frequency dependence observed for both pump wavelengths, coupled with Tr-2ppe results, are consistent with ultrafast relaxation to the S conduction band minimum after excitation at both the G (400 nm) and K (800 nm) points.  This, combined with the MoTe2 band structure, supports a picture where the MoTe2 bands along the G to K line enable satisfaction of energy and momentum constraints for impact scattering after excitation at the G point.  However, it is not clear how these constraints are satisfied to produce effective CM with increased excitation energies, up to 3 times the band gap and more,13,15 where excitation presumably occurs at different points in the band structure.  Another open question is how prevalent efficient carrier multiplication is in other transition-metal dichalcogenides with similar band structures.  In a preliminary test, we did not observe an increase in the photoconductivity per photon with increasing excitation energy for CVD MoSe2 (see Supporting Information Figure S6).  More work is needed to provide a complete picture of carrier multiplication in transition metal dichalcogenides.  
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