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Polymer passivation has been leveraged to improve photodetection in two dimensional transition metal dichalcogenide

field-effect transistors (2D TMD FETs). The relative passivation effects of common polymers, however, is not well

understood. In this work, the interface of monolayer MoS2 and three common polymers, Parylene N (Pa-N), poly-

methyl methacrylate (PMMA), and polyvinylidene difluoride trifluoroethylene (PVDF-TrFE), is assessed with multiple

spectroscopic methods. Raman and photoluminescence spectroscopy demonstrate that Pa-N and PMMA provide an

n doping effect, which increases photoconductivity and photogenerated charge in Terahertz domain and time-resolved

spectroscopy. Terahertz time-resolved spectroscopy shows significantly longer carrier lifetime for MoS2 coated with

PVDF-TrFE compared to other polymers. These results suggest that PVDF-TrFE provides a unique benefit for pho-

todetection applications.

Two-dimensional transition-metal dichalcogenides (2D

TMDs) have been extensively studied for photodetection ap-

plications due to their strong optoelectronic behavior in the

visible range and tunable band gap.1 2D TMD field effect

transistors (FETs) have the advantage of large ON/OFF ra-

tio and small form factor compared to other transistor based

photodetectors.2 However, the optoelectronic properties of 2D

TMDs can deteriorate as a result of surface defects and expo-

sure to air and water.3,4 Researchers have used a variety of

materials to combat this degradation and passivate the sur-

face, most commonly hexagonal boron nitride.5–7 Polymers

are ideal for passivating 2D TMDs in photodetection appli-

cations as most are transparent in the visible range, and im-

provement in photodetection by polymer encapsulation has

been previously shown.8

While the benefits of passivation are well understood, the

relative passivation effect of different polymers has not been

well defined despite significant study on the mechanisms of

passivation.9 Researchers in recent years have used polymers

to perform significant modulation of the optoelectronic prop-

erties of hybrid devices via doping, passivation, dielectric

screening, and capacitive effects.10,11 These schemes illus-

trate that polymers can contribute multiple mechanisms to the

polymer/2D TMD interface. In particular, the ferroelectric

polymer polyvinylidene difluoride-trifluoroethylene (PVDF-

TrFE) has been used to improve the bandwidth and respon-

sivity of photodetectors in its poled state, but the other effects

of the fluoropolymer’s properties, including fluorinated struc-

ture, high dielectric constant, and even pyroelectricity, on the

MoS2 interface have not been studied in detail.12,13 As the

properties of 2D TMDs can be dramatically influenced by the

surface condition, a careful assessment of the effects at the in-

terface, including passivation, are needed to advance photode-

tector performance. In this work, the 2D TMD and polymer

interface is assessed spectroscopically for three common poly-

mers to evaluate the efficacy of each polymer in passivating

the MoS2 surface for photodetection applications. Evaluat-

ing this interface with spectroscopic methods, especially with

dynamic pump probe measurements like time resolved THz

spectroscopy, mimics the processes occurring during photode-

tection operation and thus provides a clearer understanding

of the fundamental physics at play. Spectroscopic methods

can provide significant qualitative and quantitative informa-

tion about the chemical and electronic properties of the TMD

monolayer. Terahertz spectroscopy has previously shown the

ability to probe the conductivity and mobility of semiconduc-

tors without the need for contact.14 As it can be difficult to

establish good electrical contact with TMDs, this method is

useful to remove any effects from the contact interface on car-

rier dynamics and electronic characterization.

For this study, a monolayer TMD was chosen rather than

multilayer, even though it would provide less signal for many

spectroscopic experiments, to simplify the carrier dynam-

ics in the TMD so that the small changes anticipated from

passivation could more easily be observed. In multilayer

TMDs, the interlayer exciton overwhelms any other photo-

generated carriers.15 These interlayer excitons can be signifi-

cantly longer lived than other carriers, further obfuscating the

carrier dynamics. This study focuses on MoS2 rather than

another TMD because it is more air stable than other TMDs

as some of the spectroscopic techniques required prolonged

air exposure. To mitigate any degradation of the monolayer

due to air exposure, the samples were stored in a nitrogen

glovebox when not in use. A representative group of three

commonly available polymers were chosen to understand the

relative passivation effects: parylene N, polymethyl methacry-

late (PMMA), and PVDF-TrFE. Parylene is an extremely inert

polymer used frequently in organic electronics and biomedical

devices for encapsulation that has previously been shown to

passivate graphene.16–18 Additionally, parylene is specifically

engineered to act as a chemical barrier for water and other sol-

vents, which is ideal to prevent degradation of the 2D TMD.

The N formulation of parylene (Pa-N) was chosen for this

study as it has almost no functional groups. PMMA is a stan-

dard electron beam photoresist frequently used to encapsulate

2D TMD devices for passivation and to prevent degradation.19

PVDF-TrFE is an electroactive polymer that has been shown

to be piezoelectric, pyroelectric, and ferroelectric, and as a
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(a)

(b)

FIG. 1. a) Raman spectra of MoS2 on sapphire with polymer coatings

b) change in peak position from the same MoS2 surface after polymer

coating

result, is widely applied for flexible sensors.20 PMMA and

PVDF-TrFE have functional groups containing oxygen and

fluorine that would be expected to better fix sulfur vacancies

or provide doping than Pa-N. Pa-N also has the lowest dielec-

tric constant of the three so should not provide much dielectric

screening. This group of polymers then should provide rea-

sonable insight into the mechanisms at the 2D TMD/polymer

interface for photodetection applications.

CVD-grown monolayer MoS2 was purchased from 2D

Semiconductors and then approximately 300 nm of each poly-

mer was deposited on top. PVDF-TrFE and PMMA were de-

posited by spin coating and Pa-N was deposited via physical

vapor deposition. The PVDF-TrFE film was not poled so it

does not contribute an electric field due to remnant polariza-

tion.

The samples were characterized before and after coating

with Raman spectroscopy by using a 514 nm laser input. The

resulting spectra after coating are shown in Fig. 1(a) and the

change in peak positions as a result of coating is shown in Fig.

1(b). Raman spectroscopy was performed both before and af-

ter coating to account for any sample variation. No signifi-

cant change in the location of Raman peaks was observed for

samples coated with PVDF-TrFE, but for PMMA and Pa-N,

a significant redshift was observed in the A1g peak after coat-

ing. Previous work has shown that this shift can be attributed

to n doping.21–25 PMMA and Pa-N show a larger change than

PVDF-TrFE, which reflects a higher doping level. This result

suggests that previously shown device improvements as a re-

sult of PMMA or Pa-N encapsulation may have a doping con-

tribution rather than a passivating one. This doping could be

a result of the oxygen in PMMA’s functional groups or stress

on the film as a result of polymer deposition, but further in-

vestigation must be done to understand the exact mechanism.

Spatially-resolved photoluminescence (PL) spectra were

collected by using a hyperspectral PL imaging microscope,

where a full spectrum is collected for every pixel in an image.

Spectra were collected over a 70 µm2 area with a Photon etc.

hyperspectral microscope using an incident 532 nm 26 mW

excitation beam. In addition to areas with intense PL, there

were visible grain boundaries and low-intensity spots on the

MoS2 films that we attribute to local variations in the precur-

sor compounds used during the CVD growth.26 In order to

characterize just the MoS2 film, we first divided the polymer

sample spectra by the uncoated substrate control spectra to re-

move background noise, then masked the pixels with the low-

est tenth percentile of intensity at the A exciton peak. The total

collected area of 70µm2 consisted of 512× 512 pixels, then

removing the mask consisting of the lowest tenth percentile

intensity pixels resulted in a final pixel count of 2.36× 105,

each with a full spectrum of PL intensities. The spectra were

normalized based on the maximum of the A exciton peak at

670 nm. Pixels were binned and averaged to produce a dis-

tribution of PL spectra over the whole image area which is

shown in Fig. 2(a).

The A exciton peak near 670 nm was not significantly

changed as a result of PVDF-TrFE coating. For PMMA and

Pa-N coating, the peak is redshifted as shown in the box plot

in Fig. 2(b), which is consistent with the doping observed in

the Raman spectra. Because the photoluminescence spectra

is normalized to the A exciton peak, the B exciton at 625 nm

is more prevalent for some samples than others. Additionally,

the full width half maximum increases for the PMMA coating

as shown in the box plot in Fig. 2(c), which is the opposite ef-

fect than what is usually expected for successful passivation.27

These results suggest then that doping rather than passivation

is the prominent mechanism at the interface.

To better understand changes in carrier generation, popu-

lation, and dynamics as a result of polymer addition, time-

resolved (photoexcitation or pump-probe) Terahertz spec-

troscopy (TRTS) was performed by sweeping the THz pump

pulse optical delay with respect to the fixed THz probe. THz

lock-in signals were acquired in step-scan delay mode and av-

eraged. Detailed diagrams and descriptions of this technique

have been previously published.28,29 The spectroscopic setup

is driven by a 1 kHz Ti:Sapphire 35 fs, 800 nm laser system

that generates doubled 400 nm pump pulses to excite above

the MoS2 bandgap, employs a zinc telluride (ZnTe) crystal

for THz probe pulse generation, and gating pulses for electro-

optic ZnTe-based THz detection. The absorbance at 400 nm
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(a)

(b)

(c)

FIG. 2. Analysis of photoluminescence spectra taken via hyperspec-

tral imaging a) normalized averaged spectra of MoS2 on sapphire

with polymer coatings b) box plot of A exciton peak location of

spectra from hyperspectral microscope c) box plot of A exciton peak

full width half maximum of spectra from hyperspectral microscope.

While the boxes in b) and c) represent data at the 95% confidence

level, the circles denote data outliers at the 50 % confidence interval.

of each sample was measured to ensure the polymer coatings

did not significantly affect the 400 nm optical pump signal

TABLE I. Real and imaginary conductivity for monolayer MoS2

with standard deviation

Coating Real σ (S/cm) Imaginary σ (S/cm)

None 37.81±11.54 4.91±1.31

PMMA 51.86±5.01 −1.94±0.59

Pa-N 66.16±10.23 4.77±2.74

PVDF-TrFE 40.16±6.06 −8.59±4.93

felt by the monolayer MoS2. The absorbance of each sam-

ple was observed to be between 0.06 and 0.09, which agrees

with literature values for MoS2, indicating the polymers do

not cause a significant change in absorbance. This technique

also allows for the temporal mapping of the THz pulse elec-

tric field when using photoexcited and non-photoexcited con-

ditions (Time-Domain Spectroscopy, TDS). The unpumped

THz transmission E0(t) and differential pumped transmission

∆E(t, tpu), where t is the THz pump-probe delay and tpu is the

optical and THz pump delay, is Fourier-transformed to ob-

tain the frequency-dependent complex-valued photoconduc-

tivity σ(ω, tpu):

σ(ω, tpu) =−

(
nT Hz +1

Z0d

)
∆Ẽ(ω, tpu)

Ẽ0(ω)
, (1)

where nT Hz is the index of refraction of the substrate, Z0 is the

free-space impedance, and d is the sample (e.g., monolayer

MoS2) thickness. The observed real and imaginary conduc-

tivity is shown in Fig. 3.29

(a) (b)

FIG. 3. Optically measured a) real and b) imaginary conductivity

for MoS2 with polymers via time domain terahertz spectroscopy ob-

tained at pump-probe maximum signal near zero time delay.

The real conductivity measured for all samples corresponds

to those obtained in previous work for monolayer MoS2.30,31

Averaged values over the frequency range with associated

standard deviation are shown in Table I.

The real conductivity of the samples coated with PVDF-

TrFE and PMMA were within error of the uncoated sample.

The Pa-N and PMMA coated samples show a higher real con-

ductivity than the other measured samples, which corresponds

to the n doping effect observed by Raman and photolumines-

cence spectroscopy. The difference in conductivity between
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the Pa-N and PMMA sample could be accounted for by vari-

ations in the conductivity between the MoS2 samples before

coating as defects in the film can have a large impact on the

conducitivty.

In TRTS spectra for each sample, we observed a sharp dip

in THz transmission immediately following photoexcitation

as shown in Fig. 4. In uncoated, Pa-N coated, and PMMA-

coated samples, THz transmission recovered nearly to pre-

excitation levels after around 5 ps, which is consistent with

other reported values under similar conditions.32,33 Secondary

signals near 3 ps delay arise from substrate back reflections.

The timing and amplitude of these reflections is dependent on

step-scan delay position and substrate thickness which varies

from sample to sample. These spurious signals are observed

but do not contain any relevant information about carrier con-

ductivity or population. The PVDF-TrFE sample retained a

higher THz absorption out to a delay of 20 ps, which is in-

dicative of the continued presence of charge carriers in the

MoS2 film.

FIG. 4. Time-resolved terahertz spectroscopy response for MoS2 on

sapphire with polymer coatings.

The polymer coated samples all show more initial charge

generation than the uncoated sample. This finding can be in

part attributed to the doping effects shown in Raman and PL

spectroscopy. The PVDF-TrFE coated sample has a signif-

icantly longer tail, which indicates a longer charge lifetime.

There are several possible mechanisms that could be con-

tributing to this result. The additional n doping from the Pa-N

and PMMA coating causes an increased carrier concentration

which can encourage the formation of lower mobility trions.34

The fluorine content in the PVDF-TrFE could provide supe-

rior passivation of sulfur vacancies in the MoS2 or draw out

excess charge to limit recombination and trion formation.

This work assesses the relative passivation effects of

common polymers on monolayer MoS2 to identify what

materials can be used to improve photodetection in 2D

TMD FETs. While previous work cites the electric field

arising from the remnant polarization of poled PVDF-TrFE is

responsible for improved photodetection in 2D TMD FETs,

this work suggests that the material properties of PVDF-TrFE

contribute to the noted improvement in the carrier lifetimes

of photogenerated charge.12 These longer lifetimes will

have a significant positive impact on the performance of

an FET photodetector. While more work should be done

to understand the exact mechanism at the PVDF-TrFE/2D

TMD interface, this finding indicates that PVDF-TrFE and

other fluoropolymers could be used to significantly improve

photodetection in hybrid 2D TMD photodetectors. Future

work will investigate if the findings in this work persist when

these polymer coatings are added to multilayer TMDs, TMDs

other than MoS2, and TMD FETs.
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