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Abstract: This work studies photogenerated carrier dynamics in gold nanoparticle (AuNP)-

decorated mono- to few-layer transition metal dichalcogenide (TMD) nanosheets using transient 

absorption spectroscopy (TA). TA unveiled the presence of a long-lived photo-induced absorption 

(PIA) feature in both MoSe2 and WSe2 decorated with covalently bound AuNPs. This long-lived 

PIA feature emerges only from direct Au interband excitation in AuNP-decorated MoSe2 and 

WSe2; it does not manifest from intraband excitation nor in AuNP-decorated MoS2 or WS2. Based 

on x-ray/ultraviolet photoelectron spectroscopy and previous theoretical studies, it is proposed that 

this PIA signature arises from hot hole transfer from the AuNP to the adjacent TMD, producing a 

charge-separated state. This suggests charge separation at the metal-semiconductor interface may 

be used to extend the lifetime of interband excitation generated hot holes. This development could 

represent an important advance in harnessing plasmonic dissipation pathways to generate long-

lived carriers suited for solar-driven light harvesting and catalysis. 

Keywords:  hot carriers, molybdenum diselenide, transient absorption, ultrafast spectroscopy, 
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Introduction 

Considerable recent effort in plasmonics has focused on extraction of hot electron-hole pairs to 

drive chemical reactions.1–4 Plasmons typically decay via emission of hot carriers followed by 

rapid thermalization. Introduction of an adjacent semiconductor can allow transfer of hot carriers 

into the semiconductor before thermalization. Solar harvesting and catalytic devices based on 

plasmonic hot carriers have exhibited inefficient charge extraction due to both the localized nature 

of plasmon resonances (mean free path of < 20 nm) and their femto–picosecond carrier relaxation 

dominated by electron-electron scattering.5,6 Collection of plasmonic hot carriers typically 

employs an interfacial Schottky barrier between the metal nanoparticle (NP) and a semiconductor 

to capture hot electrons that transfer into the semiconductor conduction band. While hot electron 

injection has been widely implicated for improvement of photocatalytic hydrogen production,1–3 

organic photovoltaics,7 and photodetectors,8,9 fewer studies have probed plasmonic hot hole 

transfer.10,11 Recent theoretical works predict significantly more energetic plasmonic hot holes 

versus electrons relative to the Fermi level (EF) in Au and Cu; this is due to a high density of 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



2 
 

deep lying d-band states, i.e. interband transitions, excitable above ~2 eV.5,12 Therefore, Au 

interband excitation preferentially produces hot holes capable of driving oxidation 

reactions.10,13  

Layered transition dichalcogenides (TMDs) like MoSe2 represent a promising semiconductor to 

interface with metal NPs. Mono- or few-layer TMDs have intriguing quantum confinement-based 

properties14 and surface chemistry15 useful for optoelectronics16 and catalysis.15 TMDs coupled to 

plasmonic NPs have been broadly studied for use in light harvesting,17,18 catalysis,19,20  

rechargeable batteries,21 and biosensing.22 In particular, careful design of the metal-TMD interface 

could permit more efficient hot carrier extraction and a deeper understanding of their dynamics. 

However, study of metal NP-TMD systems has been largely limited to plasmonic NPs physisorbed 

onto TMDs.20,23–26 Hot carrier transfer from covalently bound metal NPs at TMD nanosheet edges, 

which feature distinct optoelectronic properties relative to the basal plane,27 previously exhibited 

enhanced hot carrier transfer relative to metal NPs physically deposited onto the TMD basal 

plane.28 However, covalently bound NP-decorated TMDs have not been characterized using ultra-

fast optical spectroscopy.  

 

This work represents the first study of in situ AuNP-decorated TMDs using transient absorption 

spectroscopy (TA). Four different AuNP-decorated TMD nanosheets (MoSe2, WSe2, MoS2, and 

WS2) are studied across various excitation wavelengths using TA. Focus is given to AuNP-

decorated MoSe2 (AuMoSe2), which features a long-lived photo-induced absorption (PIA) feature. 

This long-lived PIA feature emerges only from direct interband excitation (> 2 eV) of AuMoSe2. 

A similar phenomenon is observed for AuWSe2, but neither Au intraband excitation (750 nm) nor 

AuMoS2 or AuWS2 exhibit this long-lived signature. Based on X-ray/ultraviolet photoelectron 

spectroscopy (XPS/UPS) and prior theoretical works,5,12 it is proposed that this long-lived PIA 

signature arises from hot hole transfer from the AuNP to adjacent MoSe2 or WSe2. This suggests 

charge separation at the metal-semiconductor interface can be used to extend the lifetime of 

plasmonic hot holes generated by interband excitation. Generation of long-lived carriers arising 

from plasmon excitation could have important implications for light harvesting and photocatalytic 

systems. 

All TMDs studied herein were fabricated using liquid-phase exfoliation (LPE), a low cost, scalable 

method of producing nanosheets.29 A  previously outlined size-selection protocol was utilized for 

production of monolayer-rich TMDs.30 Atomic force microscopy (AFM) was used to estimate 

mean nanosheet length and thickness (SI Section S9) of the stock MoSe2 dispersion prior to Au-

decoration. Derived mean nanosheet length and height were estimated as 54.2 ± 32.8 nm and 3.1 

± 2.5 nm, respectively. Due to residual solvent/surfactant following deposition, LPE monolayer 

nanosheets made typically measure approximately 2 nm for the first layer, then approximately 0.7 

nm for each additional layer.41,43 Photoluminescence (PL) (SI Section S6) from MoSe2 films 

suggest presence of mono- to few-layer nanosheets as thicker nanosheets have negligible PL.32  
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AuNP-decoration was performed in aqueous AuCl3 solution based on a prior developed method 

that results in AuNPs nucleated primarily on nanosheet edges.31 Transmission electron microscopy 

(TEM) images, shown in Fig. 1 inset, indicated MoSe2 nanosheets lengths with reduced AuNPs 5-

10 nm in diameter. MoSe2 and AuMoSe2 films were made from solution via blade coating as 

described in Supporting Information (SI, Section S3). XPS revealed a clear Au0 signature at a 

binding energy of 84 eV in the Au 4f core level spectra (Fig. S2a) of AuMoSe2. A shoulder on 

the Au 4f spectra is apparent at slightly higher binding energy; this is attributed to an Au-Se 

bond, consistent with previous reports.31 The Mo 4f and Se 2p core level spectra remain 

unchanged (Fig. S1a, b), suggesting that MoSe2 was not significantly altered by AuNP-

decoration. Additional XPS characterization is in SI Section S4. 

 

Figure 1: Steady-state absorptivity for MoSe2 (blue), Au- MoSe2 (red), and their difference (gray), 

given as the MoSe2 film subtracted from AuMoSe2. A and B exciton peaks are labeled. Inset TEM 

images left: 20-40 nm MoSe2 nanosheets (light regions) decorated with 5-10 nm AuNPs (dark 

contrast) and right: high-resolution image of AuNPs on MoSe2 edges. 

Steady-state optical absorptivity, A, measured in an integrating sphere and given as A = 100% − 

transmissivity% – reflectivity%, is shown in Fig. 1 for the AuMoSe2 and MoSe2 films. Absorptivity 

of reference MoSe2 (blue) exhibits characteristic excitonic transitions at ~690 nm (B-exciton) and 

790 nm (A-exciton) over a broad absorption background.34 AuMoSe2 (red) features similar exciton 

height, an even larger background signal, and no apparent sharp plasmon peak. Subtraction of the 

MoSe2 reference from the AuMoSe2 sample (gray) reveals a broad plasmon background and a 

derivative-like feature at the A-exciton attributed to a ~3 nm red-shift of the exciton peak; this red-

shift could result from a change in local dielectric environment with Au present. The broad 
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background signal is reminiscent of a study with Au-tipped CdSe, which attributed this feature to 

an interfacial electron transfer transition.35 Similar studies on Au-TiO2 have shown broadened 

plasmon bands due to the creation of charge-separated states,36 where plasmons can create hot 

carriers in a semiconductor by coupling to an exciton or directly scattering into interface states.37 

Therefore, it is probable that some type of rapid dephasing mechanism results in this broad 

plasmonic feature.  

Carrier dynamics were probed via TA to help better characterize these spectral features. TA is 

necessary since non-radiative processes dominate carrier recombination in as synthesized TMDs, 

resulting in low PL quantum yield.14 The femto- to nanosecond TA setup features a tunable pump 

and VIS-NIR broadband probe; more details of the setup are provided in SI Section S7. Fig. 2a 

plots change in absorbance (ΔA) spectra at 0.5 and 500 ps probe delays for both the MoSe2 and 

AuMoSe2 film excited at 2.48 eV (500 nm). Spectral features of MoSe2 are consistent with 

literature reports,33,38 exhibiting typical photobleaching (PB) at the excitonic transitions and 

associated lower energy photo-induced absorption (PIA) bands. The observed spectral features are 

still apparent at 500 ps. The maximum ΔA signal is at ~0.5 ps, just after exciton generation. 

Generally the non-radiative recombination kinetics of TMD systems can be described as photo-

generated excitons decaying to trapped excitons decaying to trapped carriers.33,38  
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Figure 2: a) TA spectra and b) kinetics from Au interband excitation (2.48 eV), c) TA kinetics 

from Au intraband (1.65 eV) excitation, and d) interband excitation in water or aqueous ascorbic 

acid solution for AuMoSe2 and MoSe2 films. 

 

The ΔA spectra for AuMoSe2 still exhibit the characteristic PB and PIA of MoSe2, but there are 

some key differences. The most substantial difference between the TA spectra of AuMoSe2 and 

MoSe2 is the appearance of a large, long-lived photoinduced absorption (PIA) in AuMoSe2 when 

excited at 2.48 eV. This feature, circled in Fig. 2a, is located on the low energy side of the A-

exciton. Interestingly, the remaining higher energy TA features for each sample are similar apart 

from a small red-shift of the PB peaks in AuMoSe2 consistent with the steady-state absorptivity in 

Fig 1. No plasmon signature was apparent at 0.5 ps probe delay in the 400-600 nm spectral range 

(not shown). To illustrate this difference more clearly, Fig. 2b shows kinetic traces at the A-exciton 

PB and A-exciton PIA at 2.48 eV (500 nm) excitation for AuMoSe2 and MoSe2. It is apparent that 

the PB kinetics of each sample are similar; a simple bi-exponential fit to each kinetic trace yields 
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equivalent decay lifetimes within error for MoSe2 and AuMoSe2. The 2nd long-lived component of 

bi-exponential decay fits for each sample and pump excitation are summarized in Table 1.  

Sample Pump (eV) A-PIA (ns) A-PB (ns) 

MoSe2  2.48 1.7±0.6 1.3±0.5 

AuMoSe2  2.48 4.2±0.9 1.1±0.4 

MoSe2  1.65 2.4±0.7 0.7±0.3 

AuMoSe2  1.65 2.6±0.8 0.6±0.4 
 

Table 1: Estimated decay lifetime for AuMoSe2 and MoSe2 based on bi-exponential fit to kinetic 

traces at the A-PIA (~840 nm) and A-PB (~790 nm) within 5.4 ns probe delay window. 

 

In contrast to the A-PB signal, the A-PIA kinetics show a larger, longer-lived PIA signal for 

AuMoSe2. Extracted bi-exponential decay kinetics at the A-PIA (840 nm) reveal a final decay 

constant of 4.2 ns for AuMoSe2 versus 1.7 ns for MoSe2, a 2.5-fold increase. The difference 

between the two kinetic traces (gray) suggests an extra spectral component that grows in at 1-3 ps, 

visible with probe delay on a log scale (Fig. S7a), that has a final decay constant significantly 

greater than the TA probe time window (5.4 ns). Higher energy excitation above the interband 

threshold at 3.10 eV yields a similar long-lived A-PIA signal in AuMoSe2 as shown in Fig. S7b. 

Hot electron dynamics in Au nanogratings were recently studied via TA to better understand their 

influence on both interband and confined plasmon resonances.39 Herein, direct interband excitation 

of an AuNP film results in a TA signal that is completely quenched within tens of ps (Fig. S6). 

Most critically, this long-lived PIA appeared in AuMoSe2 only when exciting Au interband 

transitions at > 2 eV. Exciting Au intraband transitions (and MoSe2 itself) at 1.65 eV (750 nm), 

shown in Fig. 2c, yielded similar A-exciton PIA signatures for the AuMoSe2 and reference MoSe2; 

extracted carrier lifetimes were within error. To better elucidate the cause of this sub-gap PIA 

signal, a variety of AuNP-decorated TMDs at different pump wavelengths were studied. The same 

TA experiments were repeated on both reference and AuNP-decorated MoS2, WS2, and WSe2. It 

was found that AuWSe2 exhibited a similar long-lived PIA signature when exciting at 2.48 eV 

(Fig. S5b), but AuWS2 (Fig. S5c) and AuMoS2 (Fig. S5d) did not. It is noted that AuNP loading 

herein is low enough to have little effect on exciton magnitudes; heavy Au loading may eliminate 

exciton transitions and rapidly quench transient features.40 

One distinguishing feature between MoS2/WS2 and MoSe2/WSe2 that could help explain their 

differing response upon interband excitation is their valance band energies. Theoretical studies 

suggest the ionization potential, the energy difference between the valance band maximum energy 

(EV) and vacuum level, of MoSe2/WSe2 is shallower (up to 1.1 eV less energetic) than 

MoS2/WS2.41,42 Measured UPS herein for AuNP-decorated TMDs corroborate this general trend, 

with AuNP-decorated MoSe2/WSe2 exhibiting shallower bands (closer to vacuum level) versus 

MoS2/WS2 as shown in Fig. S2d. The potential significance of this difference comes into focus 

when looking at the band alignment between Au and MoSe2, as shown in Scheme 1 where values 
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are referenced to the Fermi energy (EF = 0 eV). The MoSe2 EV to EF difference (EV-EF) are 

extracted from UPS, while the conduction band minimum energy (EC) with respect to EF is 

estimated as EC = EV + Eopt + Eb, where Eopt is the measured optical bandgap from Fig. 1 (~1.6 eV) 

and Eb is the exciton binding energy for MoSe2, previously estimated as ~0.3 eV.43 For comparison, 

band energies for AuWSe2, AuMoS2, and AuWS2, where EV is measured by UPS and EC is 

estimated, are included in Fig. S2d. 

Theory suggests that Au plasmonic hot holes are ~10-fold more energetic than hot electrons 

relative to EF when excited at energies above the d-band transition (> 2 eV).5,12 This is represented 

schematically in Scheme 1 where the hot electron energy distribution following interband 

excitation (blue) is within a few hundred meV of the EF, while hot hole energy is distributed 2+ 

eV below the EF. Conversely, intraband excitation (red) generates a more even distribution around 

EF of hot electrons and holes. Therefore, it is proposed that interband excitation of AuMoSe2 yields 

hot holes with enough energy to inject into the valence band of MoSe2, while 1.65 eV excitation 

does not. This appears to occur in AuWSe2 as well, where the EV is similarly close to the EF as 

shown in Fig. S2d. Based on the band offsets as described in Scheme 1, hot hole transfer from Au 

to MoS2 or WS2 is possible. Although EF-EV values for MoS2 and WS2 are larger than MoSe2 and 

WSe2, they are still less than predicted Au hot hole energies. However, the TA results, which show 

no signature of a charge-separated state, suggest the driving force for hot hole injection is 

insufficient in AuMoS2 and AuWS2. Thus, it appears rapid hot carrier cooling outcompetes charge 

injection in AuMoS2 and AuWS2, but not for AuMoSe2 and AuWSe2 which feature a smaller 

barrier (EF-EV) for charge transfer. This is unsurprising since the hot carrier distribution shown in 

Scheme 1 cools rapidly to EF in less than 10 fs.5 Thus, the hot carriers likely lose a significant 

amount of energy prior to reaching the Au-TMD interface. Concurrently, while the exact Au-TMD 

interfacial energetics herein are unknown, additional energy is often needed for efficient interfacial 

carrier separation.44 However, further experimental characterization beyond the scope of this work 

is needed to fully elucidate these results. 
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Scheme 1: a) Proposed band diagram for AuMoSe2 based on theoretical Au hot carrier distribution 

when excited above (below) interband threshold shown in blue (red),12 UPS measured MoSe2 EF 

and EV, and estimated EC. 

Based on this rationale, it is hypothesized that the long-lived PIA in AuMoSe2 and WSe2 results 

from hot hole transfer from Au to the TMD. While TA measurements have insufficient time 

resolution to resolve a direct signature of fs-scale hot hole transfer, the observed PIA is believed 

to arise from the associated charge-separated state in MoSe2 following charge transfer. Possibilities 

for this charge-separated state include a positive trion or a sub-gap trapped hole. A positive trion, 

a bound species containing two holes and one electron, represents one transiently excited species 

that could yield this long-lived PIA. Trions occur at energies a few hundred meV below the A-

exciton.45 Two pieces of experimental data support generation of positive trions following hot hole 

transfer. First, the AuMoSe2 PL is quenched 2-fold when exciting interband transitions in Au, while 

it is within 5% of the MoSe2 reference film when exciting intraband transitions, as shown in Fig. 

S4. Positive trions in MoSe2 emit much less than negative trions and neutral excitons;45 this 

corroborates the proposed mechanism and suggests possible positive trion formation. Moreover, 

the 1-3 ps apparent rise time of the additional A-PIA in AuMoSe2 upon direct interband excitation, 

visible in Fig. S7b,  is consistent with trion formation dynamics in MoSe2.46 Alternatively, a similar 

PIA feature in highly defective few-layer MoS2 was attributed to a free hole trapped in a sub-gap 

state.47 It was proposed that since the A- and B-excitons arise from spin-orbit splitting in the 

valence band,34 a signature appearing only at the A-exciton is likely attributable to a hole; a trapped 

electron would be expected to affect both the A- and B-exciton. While TA cannot readily 

distinguish trions from sub-gap traps occurring at similar energies, either species could result from 

Au hot hole transfer to MoSe2 and yield the long-lived PIA signal observed experimentally. 

Distinguishing between the two is the subject of future work. 

Another possible interaction between photoexcited AuNPs and TMDs is plasmon-induced 

resonant energy transfer (PIRET).48 Silica-shelled AuNPs were employed to probe the possibility 

of PIRET from Au to MoSe2. The insulating ~10 nm thick silica shell would be expected to prevent 

direct charge transfer, but not energy transfer.48 No divergent A-exciton PIA signal was observed 

in a control sample featuring silica-shelled AuNPs deposited on a MoSe2 film (Fig. S5a); this likely 

precludes PIRET as a mechanism for this long-lived transient feature. Furthermore, PIRET 

requires strong spectral overlap between the two materials. Of the metal-TMD systems studied, 

only Au and WS2 have strong spectral overlap with the AuNP plasmon and WS2 B-exciton both 

located at ~2.4 eV. No such overlap exists between Au and MoSe2, suggesting energy transfer is 

unlikely the source of the long-lived PIA signal observed. 

Final evidence supporting hot hole transfer in AuNP-decorated samples comes from introduction 

a hole scavenger, ascorbic acid (AA).33 A glass cover slip was placed over the AuMoSe2 and 

MoSe2 films with a drop of either DI water or 1 mM aqueous AA. For the reference MoSe2 sample, 

the water and AA trials yielded similar A-exciton PIA as shown in Fig 2d. However, AuMoSe2 

showed a strong PIA signal in water that was quenched upon addition of ascorbic acid. This 
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evidence along with the PL results and Scheme 1 suggests hot electron transfer is unlikely in 

AuMoSe2. This also suggests this hot hole transfer manifests in an aqueous environment, an 

important implication for use of these materials in aqueous photocatalytic water splitting or CO2 

reduction systems.  

 

Conclusions 

This study is the first to characterize covalently bound, in situ AuNP-decorated mono- to few-layer 

TMDs across a range of TMDs and excitation wavelengths using TA. It was discovered that the 

two AuNP-decorated TMDs studied with the shallowest valence bands (AuMoSe2 and AuWSe2) 

feature a long-lived photo-induced absorption (PIA) feature when pumping at energies above the 

d-band transition of Au. It is proposed that this long-lived PIA signature arises from a charge-

separated state, likely either a positive trion or a sub-gap trapped hole, created by hot hole transfer 

from the AuNP to the adjacent MoSe2 or WSe2. Neither Au intraband excitation nor AuNP-

decorated MoS2 or WS2 exhibit this long-lived transient signal. Generation of long-lived carriers 

arising from plasmon hot carrier excitation and subsequent extraction in these materials could 

guide design and implementation into photocatalytic and light harvesting platforms.  
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