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ABSTRACT The absorption spectra of 2D semiconductare dominated by excitons with
binding energy of several hundreds of meV. Nevégds even single layers show an appreciable
photovoltaic effect and work as the active matenmalhigh sensitivity photodetectors, thus
indicating some degree of free charge carrier giesteration. Here, we perform ultrafast transient
absorption spectroscopy on monolayer MaSa field-effect transistor configuration. We sho
that even a moderate in-plane electric field afva kVcn? can significantly increase the yield of

charge carriers from photogenerated hot electroa-{bairs.

I ntroduction

In the past few years, layered two-dimensional senductors such as transition metal
dichalcogenides (TMDCs) moved into the focus ofoefctronics and nanophotonics research
due to their exceptionally strong light-matter naition combined with flexible processing and
fabricatiort @and intense nonlinear optical respofi8eCharge carrier photogeneration is the
enabling step for photovoltaics and photodetectbtewever, photoexcitation in TMDCs
generates excitons with significant, thickness-déepat binding energy, reaching 400-700 meV

in the monolayer case’ Hence, efficient photovoltaic and photodetectaiics require measures



to facilitate exciton dissociation into charge @, such as a vertical donor-acceptor

heterostructure or an engineered p-n junctfo.

In few-layer MoS and WS with exciton binding energies similar to the bukdues (50-150
meV)!® excitation well above the A and B resonances eschbt electron-hole pairs (C excitons
at the band nesting regifrand/or charge carriers in the continuum of valemcé conduction
band states). Upon relaxation towards the relddared maxima/minima, they can either separate
into free charge carriers or form A excitons, whiive rise to excitonic photoluminescence (PL).
In the few-layer case, separation into free casrneith a time constant of approximately 1 ps is
the dominant proce¥s?® while in the monolayer case, due to the largedibig energy, a
significant fraction of A excitons are forméti>4?6 However, the observed photovoltaic effect
and photocurrent suggest that, even if to a lessint, charge carriers form also in monolayers.
The PL quantum yield of monolayer Mp&ecreases as the excitation photon energy inc'éé$e

indicating that also in the monolayer hot electhmbe pairs can separate into free charge carriers.

Here, to gain further insight into the charge gatien mechanism, we propose to modulate its
efficiency by applying an electric fiefd.We use monolayer Me%is the channel of a field-effect
transistor (FET) and apply an in-plane electri¢dfieia the source-drain voltage. We first show
that the PL of Mo%is progressively quenched upon the applicatian@gasingly strong in-plane
electric fields. Subsequently, we perform femtoselcoptical pump-probe microspectroscopy to
directly monitor the fate of the photogenerateddiettron-hole pairs and the carriers arising from
their dissociation. For increasing field strengtivg, observe an enhanced formation of carriers
during the first few ps. Both findings suggest ttieg electric field facilitates the separation of
photogenerated charge pairs. The temporal evolatidghe charge density provides insight into

the separation mechanism.



Results and Discussion
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Figure 1. (a) Schematic illustration of the transparent fielteef transistor(b) Optical image of
the device. Scale bar is 10 pift) Raman modes of the single layer Mofd) Transfer
characteristic (Ids-Vg) of the device immediateferathe microfabrication proces®) Transfer
characteristic recorded before the optical measenes(f) Output characteristic recorded before

the optical measurements, showing negligible chamgetion (for Vg = 0 V).

Figure 1 shows a schematic drawing (Fig. 1a) andpaical microscope image (Fig. 1b) of the
FET structure used in this study. The transistdougt in a bottom-gate configuration, using

sapphire as the transparent substrate and 50 mdiom tin oxide (ITO) as the transparent back-



gate electrode, thus enabling optical measurenientansmission geometry. The gate dielectric
consists of 30 nm of HfQ(er = 19). Figure 1c shows the Raman spectrum of hleengccal vapor
deposition (CVD) Mo$gflake; the distancAwm = 19.6 cmt between the A and the &g peaks
confirms the monolayer thickne&sFigures 1d and 1e present the transfer charaatsrif the
device immediately after fabrication and at theetiof transient absorption measurements. The
increase in turn-on voltag®{,) from 0.8 V to 1.95V is ascribed to adsorption idgpsince the
measurements are carried out in%&iBource-drain voltagegqs up to 5V (atVy = 0 V, used
throughout all experiments) are possible withoytrapiable charge injection, as shown in Fig. 1f.
This allows to observe the isolated effect of fislduced charge photogeneration without signal

contributions from injected charges.
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Figure 2. (a) Extinction spectrum of the Ma®onolayer (black curve). Fit by using two Gaussian
peaks and a generic exponential function to acctmrrthe background from various scattering
mechanismgb) PL spectra for different bias voltages appliede Té¢ature at 1.78 eV comes from
the incomplete subtraction of the sapphire sulesttabrescencéc) Normalized integrated PL as

a function of the electric field strength.



The PL spectrum of monolayer Mp8pon photoexcitation at 2.54 eV, displayed in b,
shows one main feature around 1.8572&%4, slightly red-shifted compared to the A exciton
resonance in absorpti#h?! (Figure 2a). The shape of this feature suggestouerlapping peaks,
one from neutral excitons °Aand one from charged trions™ Alue to the doping of the
sample?2°:30.32.33f we apply an in-plane electric field via the soerdrain voltage, the PL intensity
progressively decreases as the field increases.theéohighest bias use®¥ss = 5 V, which
corresponds to an electric field of 7 kVértthe distance between the electrodesyisn}, the PL
is quenched by about 35 % (Figure 2c). The fiettlioed PL quenching is weaker than that
observed in heterostructures such as M&Se,'134*where the integrated PL at the heterojunction
decreases, respectively, by 81% and 98% compareslaied MoS and WSe monolayers. In
the heterojunction the band alignment promotesctierge separation and the charge transfer
mechanism is faster than any other radiative ormadmtive decay channel. The field-induced PL
guenching observed here can in principle have tifferdnt origins: either the A excitons and
trions, which give rise to PL, have a certain fielthanced possibility to dissociate during their
lifetime, or the field modifies the branching ratietween bound states (A excitons and trions) and

free carriers during the initial relaxation of lobtarge pairs.

In order to resolve the temporal dynamics of tleédfinduced charge generation we employed
electric-field-assisted pump-probe microspectrogcophe microscope is built in collinear
geometry (Figure 3a). A broadband white light prabdocused by a reflective microscope
objective onto a spot of ~800 nm diameter. By usirgezo-nanopositioner we scan the sample
in the probe beam focus. Once the area of inteyesstiected, the probe is centered inside the FET

channel and a pump pulse is successively focusediom sample collinearly with the probe (spot



size 5 times bigger than the probe). To allow sdegree of charge photogeneration even in the
absence of an electric field and to facilitate enparison with previous studié%22 we use the
customary pump pulse photon energy of 3.1 eV, almve the electronic bandgap of Mp8here

we expect a branching between the formation oftemsiand free carriers already without electric
field.” In order to keep re-excitation or de-excitationthg probe at negligible levels, the probe

fluence is kept much lower than the pump fluence.
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Figure 3. () Schematic illustration of the pump-probe microse@etup.(b) The measured
transient transmission contour plot as a functicth@ probe photon energy and pump-probe delay
(at 5 V).(c) Simulated transient transmission contour plot etiog to the model described in the
text. (d) Dynamics at 1.85 and 2.05 eV with (bottom-paned without field (top-panel). Points:

experimental data. Solid lines: fits accordingte model described in the text.

The transient relative change in transmis&afi is directly related to the photoinduced change

in the absorbance:



A?Tz— Aa(w, t)d (1)

with a(w) the absorption coefficient amtthe sample thickness. The absorption coefficient

can be expressed as the product of the densitpsafriaersn and their absorption cross-section

o(w):  alw) = Yi(n;0;(w)) so that its time-dependent change becomes:

Aa((l), t) = Zi(o'i((l), t)Anl(t)+nl(t)AO'l((l), t)) (2)

In most cases, the first term in Equation (2) dates and the signal dynamics follows the
evolution of excited states’ populations. Howev@tark effect due to photogenerated chafjes
the Burstein-Moss effeéf, and, in particular, band-gap renormalizatfomay induce an
appreciable change in the absorption cross-seclg@ding to a non-negligible second term.
Nevertheless, in all three mechanisms the effeduis to the presence of photoexcited states,
hence, Ao should also follow their population. It is theredqustified to assume that tAg/T

signal evolution follows the photoexcited stategpplation dynamics.

Figure 3b shows the 2RDT/T plot as a function of the probe photon energg pump-probe
delay. The spectra show two photoinduced absor@Eén features (negative signal at the spectral
windows around 2.4eV and 1.8eV) and a photobleachiPB) peak (positive signal) in
correspondence of the excitonic resonances A antiéh, for excitation at 3.1 eV, tend to merge
in a single peak. The PB rises with the instrumental response fancfpump-probe cross-
correlation) and decays and narrows with increaslatay. The two PA features also form
immediately, but continue to grow and to broadenchSbehavior suggests that the signal
originates from at least two distinct excited sfagpulations, a primary one that is directly crdate

by photoexcitation, and a secondary one that fdrams the relaxation of the former. The primary



population are the hot electron-hole pairs createghotoexcitation, while the secondary one is

an ensemble of excitons, trions and free carrersnquantified proportion.

Figure 3d shows the time evolution of the signdlat selected probe photon energies: the PB
at 2.05 eV, which forms within the time resolutioithe instrument and decays rapidly, and the
PA at 1.85eV which shows a delayed formation dfterinitial rise. Both the PB decay and the
PA formation can be fitted as a single-exponemtratess with a time constant of 800 fs, which
is very similar to the 700 fs reported for multiéag® and is indicative of the time scale for the

relevant relaxation processes of hot charge paiiosA excitons and free carriers.

To model the signal over the first few picosecongs describe the time-dependent populations
in Equation 2 by a system of rate equations. Werassthat photoexcitation creates a primary
populationP(t) of hot electron-hole pair®(t) evolves into a secondary populati§t) of excitons

and free carriers with a time constart 1/k:;

dP

S =tk P 3)
with G(t) the generation term (pump-probe cross-correlapproximated as a Gaussian). This
simple model reproduces the data very well (Fidoewith a time constarri= 800 fs.
The spectral contributions of the ensemble popariaf(t) andS(t) are shown in Figure 4a. The
main difference is tha®(t) has a weaker and narrower PB and a stronger aadiér PA on the
low-energy side. Figure 4b shows the populationadyies, which is well described by the

evolution of one ensemble into the other duringrétaxation with a time constant As has been

shown recently/ the excitation of hot electron-hole pairs does mamediately change the



occupation of the states relevant for the A andBogption peak. Th&T/T signal immediately
after photoexcitation is dominated by the secomoh tef Equation (2) due to a combination of
band gap renormalization and screening of the exdinding energy, which leads to a spectral
shift of the absorption spectra. Subsequentlyretexation towards excitons and trions as well as
free charges changes the relevant states’ populatid the first term of Equation (2) becomes
more important for th&T/T signal. Its most dominant features are the blewchf the excitonic

transitions and the PA feature below 1.9 eV dufede carrierg819.21
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populations with and without electric fielgh) Time dependent primary and secondary populations
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Upon applying an in-plane electric field of 7kVémas in the PL quenching experiments,
reduces to 600 fs (Fig. 4b) and the difference betwthe spectra of the ensemiég andJt)
becomes more pronounced (Fig. 4a): the PB(®fis weaker and the low energy PA is stronger
than in the absence of electric fielthis suggests that the applied field increasesaheentration
of charges in the enseml#) by enhancing the charge separation yield.

To further illustrate the differences in the evaatof theAT/T spectrum with and without the
electric field we now consider the field-induceaspumA?T/T defined as the difference of the

AT/T spectra in the presence and in the absence déetniefield:

a7 (w,t) = A?T (@, t) fieta — A?T (w,t) = —d ¥i[Apn;(®)] 0y(w) — d ¥ n;(B) [Apoi(w)]  (4)

T

The first term in Eq. (4) describes field-inducdthiges (indicated withr in the equation) in
the excited state populations while the second iedicates field induced changes-) in the
absorption cross section (Stark shift of the excieaté®9. The most important effect of the
electric field is an increase of the PA of the selary population over the energy interval 1.65-
1.85 eV (Figure 5a). This increase is of similargmtude as th\T/T signal itself, pointing
towards a sizable increase in the charge densigytdufield-induced charge separation. The
temporal evolution of this signal, integrated ottez energy interval 1.65-1.85 eV, is shown in
Figure 5b. Initially, when the amount of extra des is negligible, the signal is positive, since it
is dominated by the red-shifted PB of excitongjlaited to the Stark effect, seen in Figure 4a.

Gradually, as the field-induced population of clesrdpuilds up over a few ps, their PA starts to

dominate the whole spectral window.
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Figure 5. (a) A%T/T spectral feature for three different delays (A%, 3 ps).(b) Temporal
evolution of the absorption feature, observed @¥/T signal, averaged over the energy interval

1.65-1.85eV.

From the field-induced PL quenching together with field-induced enhancement of the charge
contribution to theAT/T signal, we can now develop a scenario of the ghaitation dynamics
in monolayer Mo%and related materials in the presence of an &dtid. Photoexcitation with

a photon energy above the A and B exciton resosacraates hot electron-hole pairs. “Hot” in

12



this context means that to relax towards the loersited state — the A exciton — multiple electron-
phonon scattering processes are necessary. Wa fthdracteristic time scale of 600-800 fs for
this relaxation. At the end of this relaxation prss we have a Coulombically interacting electron-
hole pair with a certain spatial separatioras the result of the multiple scattering events. A
commonly described by the Onsager theory of gemiretombinatiorf?-42this electron-hole pair
can either coalesce into an exciton or the twoiearican separate in a random walk driven by
scattering with the phonon bath. The branching @ipends on the available phonons — and hence
on the sample temperature and the excess enertfyeoéxciting phonon, and on the initial
separation. An applied electric field can both &ase the separation and also tilt the Coulombic
potential, making the separation more favorable ddmbined action of these processes shifts the
branching ratio towards charge separation, regultira lower PL quantum yield and a stronger

yield of photogenerated charges.

Conclusions

We have studied the optical response (PL and altafansient absorption) of monolayer MoS
in the presence of an electric field. Our resuitsvs that a moderate electric field of a few kVecm
1 can significantly modulate the branching betweiie@nt relaxation paths for photogenerated
hot electron-hole pairs in monolayer Mo®wards photoluminescent A excitons and trions on
the one hand, and free carriers on the other. THutrie field skews the ratio towards free carriers
suggesting a field-induced charge separation dutireg hot charge pair relaxation. For a
subsequent dissociation of the relaxed excitonstdube distortion of the excitonic Coulomb
potential, the in-plane field is too we#k!3 During the relaxation, the carriers undergo mietip

scattering processes upon phonons and defectse loourse of this diffusive process, a certain

13



fraction of the charges form excitons or trions,le/the others separate and contribute to the
photocurrent. The electric field increases the agerseparation and enhances the photocurrent on
the expense of PL. Due to this mechanism, a relgtiwodest electric field can increase the yield
of charge carrier photogeneration and hence theiegfty of photodetectors and photovoltaic

elements based on TMDC monolayers.

Materials and M ethods

The transistor is built according to the structimeRef 44, using c-plane sapphire as the
transparent substrate and 50 nm of ITO as thefeaest back-gate electrode. The gate dielectric
consists of 30 nm of Hfdeposited by atomic layer deposition; the sourzkdrain electrodes
are made of Ti/Au (5/50nm thickness). Monolayer Mbd&s been grown by CVD on c-plane
sapphire following the method in Ref. 45. As-sysihed MoS was transferred from the sapphire
to the target substrate (sapphire/ITO/Rf®y using PMMA A2 as a support film and etching in

30% KOH as described in Ref. 45.

PL on the MoSFET was measured with an NT-MDT NTEGRA SPECTRAfooal PL-Raman
microscope in backscattering geometry. We usedeftoitation line at 488 nm and a 100X
objective (N.A. 0.9) to focus onto a spot size pim2 The PL signals were detected with a CCD

array at-80°C. We kept the laseartensity below 1kWcm.

For the pump-probe measurements we use an amplifisdpphire laser (Coherent Libra),
emitting 100-fs pulses at 1.55 eV, with average groof 4 W at 2 kHz repetition rate. A 320 mW

fraction of the laser power is used for our expents. The output beam is divided by a 50/50

14



beam splitter into pump and probe lines. We produb@0 fs pump pulses at 3.1 eV by second
harmonic generation. The probe is obtained by wigté continuum generation in a 5 mm-thick
Cak plate, filtering out light at the fundamental fuemcy with a colored glass short-pass filter.
To have an imaging system the chip carrier is meaioh a translation stage made of two units, a
motorized 2-axis translation stage for the coars@ament (resolution ~ 625 nm) and a 3-axis
computer controlled piezoelectric translation stdg&h 1 nm resolution) that allows better
accuracy and to adjust the focus on the sampleh WWe@se two translation stages one can raster
scan the sample in order to get an image. In dadeave a high spatial resolution image by raster
scanning the sample, we need to focus tightly Bfreehpump and the probe beam on the sample.
To achieve this, without losing temporal resolutaord avoiding chromatic aberrations, we use a
reflective objective with a 15X magnification an®.80 numerical aperture (NA) to focus pump
and probe pulses in collinear geometry (see FiGadle Making the diameter of the probe beam
bigger than the pump before the objective leadsdgrobe pulse with a sub-micrometer spot size
on the sample and a pump pulse with a spot sizenes bigger. The transmitted probe is collected
with a 7.5 mm achromatic doublet, dispersed by B @&asm and detected by a Si CCD camera
with 532 pixels, corresponding to a bandwidth peepof 1.1 nm. In this way we obtain a 3D
transmission map(x, y, 4) and differential transmissioT/T(x,y,A,t) for a given position (X,y).
Due to the tight focusing, we needed to use a l@wyprobe intensity so as not to re-excite the
sample. To increase the counts on the spectrormetereduce the noise level, we worked with a
chopper frequency of 125 Hz, always summing ovgintetonsecutive pulses with probe on and

off, respectively.
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