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:KLOH�H[WULQVLF�IDFWRUV��VXFK�DV�VXEVWUDWHV�DQG�FKHPLFDO�GRSLQJ��DUH�NQRZQ�WR�VWURQJO\�LQIOXHQFH�

YLVLEOH�SKRWRHPLVVLRQ�IURP�PRQROD\HU�0R6���NH\�IXQGDPHQWDO�NQRZOHGJH�IRU�S�W\SH�SRO\PHULF�

GRSDQWV�LV�ODFNLQJ��:H�LQYHVWLJDWHG�SHUWXUEDWLRQV�WR�WKH�HOHFWURQLF�HQYLURQPHQW�RI��'�0R6��XVLQJ�

IOXRULQDWHG� SRO\PHU� FRDWLQJV� DQG� VSHFLILFDOO\� VWXGLHG� VWDELOL]DWLRQ� RI� WKUHH�SDUWLFOH� VWDWHV� E\�

PRQLWRULQJ� FKDQJHV� LQ� LQWHQVLWLHV� DQG� HPLVVLRQ� PD[LPD� RI� WKUHH�SDUWLFOH� DQG� WZR�SDUWLFOH�

HPLVVLRQV��:H�FDOFXODWHG�FKDQJHV�LQ�FDUULHU�GHQVLW\�DQG�WULRQ�ELQGLQJ�HQHUJ\��WKH�ODWWHU�KDYLQJ�DQ�

DGGLWLRQDO�FRQWULEXWLRQ�IURP�0R6��SRODUL]DWLRQ�E\�WKH�SRO\PHU��3RODUL]DWLRQ�LV�IXUWKHU�VXJJHVWHG�

E\�.HOYLQ�SUREH� IRUFH�PLFURVFRS\��.3)0��PHDVXUHPHQWV�RI� ODUJH�)HUPL� OHYHO�VKLIWV��&KDQJHV�

VLPLODU�LQ�PDJQLWXGH��EXW�RSSRVLWH�LQ�VLJQ��ZHUH�REVHUYHG�LQ��'�0R6��FRDWHG�ZLWK�DQ�DQDORJRXV�

QRQ�IOXRULQDWHG� SRO\PHU�� 7KHVH� ILQGLQJV� KLJKOLJKW� WKH� LPSRUWDQW� LQWHUSOD\� EHWZHHQ� HOHFWURQ�

H[FKDQJH� DQG� HOHFWURVWDWLF� LQWHUDFWLRQV� DW� WKH� LQWHUIDFH� EHWZHHQ� SRO\PHUV� DQG� WUDQVLWLRQ�PHWDO�

GLFKDOFRJHQLGHV� �70'&V��� ZKLFK� JRYHUQ� IXQGDPHQWDO� HOHFWURQLF� SURSHUWLHV� UHOHYDQW� WR� QH[W�

JHQHUDWLRQ�GHYLFHV��
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Two-dimensional (2D) materials, such as monolayer MoS2, possess outstanding electronic 

properties that are of interest for several next-generation devices, including ultrathin transistors,1–

3 photodetectors,4–6 sensors,7,8 and valleytronics.9–11 Three-particle excitations are unique in 2D 

MoS2 and structurally related TMDCs due to the significant association energy (on the order of 30 

to 40 meV) between the exciton and the additional charge.12 This binding energy reflects trion 

stabilization influenced by intrinsic and extrinsic factors that affect the Coulombic many-body 

interactions, which in turn dictate fundamental optoelectronic properties of the 2D material.  

Observations of trion behavior by photoluminescence (PL) spectroscopy lend quantitative insights 

into band structure,12–15 in-plane and out-of-plane electronic screening,16 vibrational excitations,17–

19 and transport properties.20,21 A growing body of research describes the impact of fundamental 

materials properties (i.e., intrinsic factors), such as carrier density via electrical gating in a field-

effect transistor arrangement,12,15,22,23 and variations in crystal structure.24 Although the impacts of 

interactions with the surroundings (i.e., extrinsic factors) on trion behavior such as substrate,17,25,26 

defects,27–29 strain,19,30,31 gases,32 and chemical (surface) doping14,33,34 have been investigated 

extensively, the connection between p-type dopants35 (particularly polymeric versions) and trion 

behavior is relatively unexplored. 

Researchers have found trions in TMDCs to be useful for characterizing doping due to the 

inherent connection between carrier density and trion PL intensity.12,13,15  In semiconductors, trion 

refers to the weakly bound three-body states resulting from the association of either an excess 

electron or an excess hole with a photogenerated electron-hole pair (i.e., an exciton).  In most 

materials, the binding energy of trions is so low that their existence is transient and becomes 

significant only at very low temperatures.  However, MoS2 possesses a large trion binding energy, 

permitting characterization via room-temperature PL spectroscopy, which we employed here to 

assess doping by polymer coatings.  Although at low temperatures distinct peaks corresponding to 

emission from excitons and trions are apparent, at room temperature a single emission envelope is 

observed due to homogeneous broadening of both peaks.  Deconvolution of room-temperature PL 

into excitonic and trionic contributions is aided by the characteristic asymmetric shape of the trion 

peak. Particularly, the low-energy region of the trion peak exhibits a gradual exponential decrease 

in intensity as a result of the conservation of momentum between the emitted photon and the 

residual electron, termed electron recoil.12 A correlation between changes in trion behavior and 

changes in carrier density due to extrinsic factors such as adsorbed dopants has been established 
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using electrical gating experiments, demonstrating the utility of optical characterization for 

probing variation in carrier density.36 Additionally, changes in trion binding energy have been used 

to probe carrier density,37 dielectric screening from the surrounding environment,38 and screening 

within the monolayer.39,40 Combined with the previous technique which relates the relative 

intensity of trion emission to carrier density, observations of the trion binding energy can be used 

to rationalize changes in effective screening in the material due to doping, a key consideration for 

sensors and for identifying charged impurities or inhomogeneities in the material which affect 

transport. 

Herein, we investigated the stabilization of trions in 2D MoS2 by its contact with 

fluorinated and non-fluorinated methacrylate-based polymer coatings, using PL spectroscopy to 

determine changes in trion population, carrier density, and trion binding energy, and correlating 

results with KPFM measurements of the Fermi level. We specifically probed whether polymers 

with strongly electronegative fluorinated pendent groups produce a significant increase in the 

excitonic emission of MoS2 by inhibiting trion emission. To test this, reversible addition-

fragmentation chain transfer (RAFT) polymerization was performed to prepare two polymers, 

namely poly(1H,1H,2H,2H-tridecafluoro-n-octyl methacrylate) (PTDFOMA) and poly(n-octyl 

methacrylate) (POMA), as shown in Figure 1a, which differ only by the presence of fluorine atoms 

in the sidechains of the former. Monolayer MoS2 was grown by chemical vapor deposition and 

transferred to gold substrates (100 nm Au/10 nm Ti/300 nm SiO2/Si), after which the polymers 

were applied by spin-coating (Figure 1a). Using PL and KPFM measurements, we observed that 

perfluorinated PTDFOMA films decreased the trion binding energy and increased the ratio of 

exciton-to-trion emission from monolayer MoS2, while the non-fluorinated POMA led to an 

opposite n-doping effect. 

PL measurements were performed on monolayer MoS2, either bare or coated with one of 

the polymeric methacrylates (Figure 1a), where the polymer film thickness was estimated to be 

~8 nm (see supporting information for details). The PL from 2D MoS2 samples coated with 

PTDFOMA (normalized to unit area to aid comparisons) and excited with a 488-nm source 

increased markedly relative to those coated with POMA (Figure 1b). We also observed a slight 

decrease in intensity for the coated samples compared to bare MoS2 (raw data are shown in Figure 

S4), attributed to scattering losses at the polymer-2D interface and, to a lesser extent, absorption 
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RI�OLJKW�E\�WKH�SRO\PHU��7KH�37')20$�FRDWLQJ�UHVXOWHG�LQ�D�EOXHVKLIW�DQG�VOLJKW�QDUURZLQJ�RI�WKH�

$�H[FLWRQ�HPLVVLRQ�IHDWXUH��L�H���WKH�WUDQVLWLRQ�EHWZHHQ�WKH�FRQGXFWLRQ�EDQG�DQG�WKH�KLJKHU�HQHUJ\�

YDOHQFH�EDQG���ZKHUHDV�320$�UHVXOWHG�LQ�D�UHGVKLIW�DQG�SHDN�EURDGHQLQJ���

7KH�IDFWRUV�DIIHFWLQJ�WKH�3/�VKDSH�DQG�SRVLWLRQ�EHFRPH�FOHDU�ZKHQ�WKH�HPLVVLRQ�HQYHORSH�

LV�GHFRPSRVHG�LQWR�FRQWULEXWLRQV�IURP�H[FLWRQ�DQG� WULRQ�HPLVVLRQ��)LJXUH��F���:KLOH�H[FLWRQLF�

HPLVVLRQ�LV�H[SHFWHG�WR�EH�ILWWHG�ZHOO�VROHO\�E\�D�/RUHQW]LDQ�OLQHVKDSH�IXQFWLRQ�� WULRQ�HPLVVLRQ�

PXVW�DOVR�DFFRXQW�IRU�WKH�PRPHQWXP�RI�WKH�UHPDLQLQJ�HOHFWURQ�IROORZLQJ�UDGLDWLYH�UHFRPELQDWLRQ��

L�H��� HOHFWURQ� UHFRLO�� 7KH� WULRQ� OLQHVKDSH� LV� DSSUR[LPDWHG� ZHOO� E\� D� GHFD\LQJ� H[SRQHQWLDO� DV� D�

FRQVHTXHQFH�RI�D�PRPHQWXP�GHSHQGHQW�GHFD\�UDWH�DQG�D�WKHUPDO�%ROW]PDQQ�GLVWULEXWLRQ�RI�WULRQ�

NLQHWLF� HQHUJ\����:KHQ� OLIHWLPH� EURDGHQLQJ� �GXH� WR� WKH� XQFHUWDLQW\� UHODWLRQ� IRU� HQHUJ\� ZKLFK�

DSSOLHV� KHUH� WR� DQ� H[FLWHG� VWDWH� ZLWK� D� ILQLWH� OLIHWLPH�� LV� DOVR� DFFRXQWHG� IRU�� WKH� UHVXOW� LV� WKH�

FRQYROXWLRQ�RI�DQ�H[SRQHQWLDO�ZLWK�D�/RUHQW]LDQ�IXQFWLRQ��)RU�ILWWLQJ��ZH�HPSOR\HG�WKH�IROORZLQJ�

)LJXUH�����D��&KHPLFDO�VWUXFWXUHV�RI�37')20$�DQG�320$��DQG�WKH��'�0R6��VDPSOH�FRQILJXUDWLRQ���E��&KDQJHV�
LQ�WKH�SKRWROXPLQHVFHQFH�RI�PRQROD\HU�0R6��GXH�WR�SHUIOXRULQDWHG�DQG�QRQ�IOXRULQDWHG�SRO\PHU�WUHDWPHQW���F��)LWV�
WR�3/�GDWD��LQFOXGLQJ�FRQWULEXWLRQV�IURP�H[FLWRQ�DQG�WULRQV���G��7UHQGV�LQ�ELQGLQJ�HQHUJ\�DQG�FDUULHU�GHQVLW\�LQ�EDUH�
DQG�SRO\PHU�WUHDWHG�VDPSOHV��
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analytical lineshape function discussed by Christopher et al.,12 which is the result of a 1st order 

series approximation of the convolution integral, prior to integration: 

𝐼(𝐸) =
𝛤
𝜋  

1
(𝐸𝑡𝑟 − 𝐸)2 + 𝛤2  (1 +

2𝜀(𝐸𝑡𝑟 − 𝐸)
(𝐸𝑡𝑟 − 𝐸)2 + 𝛤2)                                          (1) 

where * is the Lorentzian width parameter, Etr is the zero-momentum transition energy, E is the 

emission energy, and H is a parameter which controls the amount of exponential character (see 

supporting information for details of fitting). 

Following decomposition into excitonic and trion contributions, the overall PL intensity 

profile can be understood not just in terms of differences between the relative weights of these two 

components, but also in terms of differences in their shape. Trion binding energy was evaluated 

by the difference in exciton and trion peak maxima. In bare MoS2, excitonic emission is 

responsible for the majority of PL intensity. However, trion peak area is comparable to exciton 

peak area in POMA-coated MoS2, which explains the redshift of the total PL. In the PTDFOMA-

coated sample, the trion contribution to the total PL intensity was reduced compared to bare MoS2, 

leading to a blueshift and a narrowing of the total emission envelope. Changes in the excitonic 

peak include a slight broadening in both polymer-treated samples (Figure 1c), associated with an 

increased lifetime and a large reduction in intensity in the POMA-coated sample, due to 

competition with trion emission. Under normal conditions, 2D MoS2 has excess electrons which 

favor the formation of negative trions (i.e., an exciton with an additional bound electron).  Thus, 

as electron density increases, the probability of excitons forming trions prior to emission increases. 

The ratios of trion peak area to total PL area can be related to the free carrier density in the 

2D MoS2 samples, examined here using the analysis of Mouri14 and Ross15 that employs the mass 

action law associated with trion formation and decay. We found that carrier density decreased from 

a nominal density of 2.12 × 1013 e-/cm2 in bare MoS2 to 1.42 × 1013 e-/cm2 due to PTDFOMA 

coating (p-doping) and increased to 2.60 × 1013 e-/cm2 due to POMA treatment (n-doping), as 

shown in Figure 1d. The observation of p-doping in PTDFOMA is attributed to the strong 

electronegativity of the perfluorinated moieties. With only limited experimental evidence 

available41 showing doping effects from polymers with weakly electron donating/withdrawing 

groups, we hypothesized that POMA would show no significant effects on electron density.  Due 



��
�

WR�WKH�ODFN�RI�HOHFWURQ�GRQDWLQJ�DELOLW\�RI�OLQHDU�DONDQHV��ZH�UHDVRQ�WKDW�DQ\�GRQDWLRQ�LV�PRUH�OLNHO\�

WR�FRPH�IURP�WKH�FDUERQ\O�JURXSV�LQ�WKH�SRO\PHU�EDFNERQH����

:H�REVHUYHG�VLJQLILFDQW�FKDQJHV�LQ�WKH�WULRQ�ELQGLQJ�HQHUJ\��)LJXUH��G���FRUUHVSRQGLQJ�

WR�D�GLIIHUHQFH�LQ�SHDN�SRVLWLRQ�EHWZHHQ�H[FLWRQ�DQG�WULRQ��ZLWK�DQ�LQFUHDVH�IRU�WKH�320$�FRDWHG�

VDPSOHV� ������PH9� YV�� �����PH9� IRU� EDUH�0R6���� DQG� D� GHFUHDVH� IRU� WKH� 37')20$�FRDWHG�

VDPSOHV�������PH9���$OWKRXJK�VKLIWV�LQ�WKH�ELQGLQJ�HQHUJ\�ZHUH�H[SHFWHG�EDVHG�RQ�FKDQJHV�LQ�

FDUULHU�GHQVLW\����DGGLWLRQDO�HIIHFWV�ZHUH�REVHUYHG�DULVLQJ�IURP�FKDQJHV�LQ�GLHOHFWULF�HQYLURQPHQW�

DERYH� 0R6�� IURP� DLU� WR� SRO\PHU���� DQG� IURP� SRODUL]DWLRQ� HIIHFWV� ZKLFK� DOWHU� LQ�SODQH�

VFUHHQLQJ������� %RWK� VDPSOHV� VKRXOG� H[SHULHQFH� D� ELQGLQJ� HQHUJ\� GHFUHDVH� IURP� DQ� LQFUHDVHG�

HQYLURQPHQWDO� GLHOHFWULF� FRQVWDQW�� DV� FRPSDUHG� WR� DLU�� +RZHYHU�� ZH� VHH� DGGLWLRQDO� SRVLWLYH�

GHYLDWLRQV� IURP� WKH� FDUULHU� GHQVLW\� WUHQG� IRU� ERWK�SRO\PHUV��ZKLFK�ZH� DWWULEXWH� WR� SRODUL]DWLRQ�

HIIHFWV�ZKLFK� DUH� ODUJHU� LQ�PDJQLWXGH� WKDQ� FKDQJHV� WR� WKH�GLHOHFWULF� HQYLURQPHQW� DERYH�0R6��

�6FKHPH������

&KDQJHV� LQ� WKH� VKDSH� RI� WKH� WULRQ� SHDN� DUH� SURQRXQFHG� �)LJXUH� �F��ZLWK� D� VLJQLILFDQW�

LQFUHDVH�LQ�WKH�SDUDPHWHU�H�IRU�320$�FRDWHG�VDPSOHV����������DQG�D�GHFUHDVH�IRU�37')20$���

�������FRPSDUHG�WR�EDUH�0R6���VHH�WDEOH�6����ZKHUH�H�FRQWUROV�WKH�FRQWULEXWLRQ�IURP�WKH� ORZ�

HQHUJ\�WDLO�SRUWLRQ�RI�WKH�ILW�IXQFWLRQ��,Q�320$�FRDWHG�VDPSOHV��WKLV�LQFUHDVHG�WDLO�FKDUDFWHU�FDQ�

EH�UDWLRQDOL]HG�LQ�WHUPV�RI�D�GHFUHDVHG�VFUHHQLQJ�UDGLXV��L�H���VWURQJHU�VFUHHQLQJ�ZLWKLQ�WKH�SODQH�

RI�0R6�����ZKLFK�LPSOLHV�D�GHFUHDVHG�WULRQ�VL]H��DQG�DQ�LQFUHDVHG�VFUHHQLQJ�UDGLXV�DQG�WULRQ�VL]H�

GXH�WR�37')20$����������7KH�WULRQ�HPLVVLRQ�PD[LPXP�LV�UHGVKLIWHG�E\�DQ�LQFUHDVH�LQ�H� EXW�DOVR�

IURP�DQ�LQFUHDVH�LQ�*��SRVVLEO\�GXH�WR�LQFUHDVHG�OLIHWLPH�EURDGHQLQJ���ERWK�RI�ZKLFK�FRQWULEXWHG�

WR� DQ� LQFUHDVHG� WULRQ� ELQGLQJ� HQHUJ\� LQ� 320$� DQG� ZLWK� WKH� RSSRVLWH� EHKDYLRU� OHDGLQJ� WR� D�

GHFUHDVHG�WULRQ�ELQGLQJ�HQHUJ\�LQ�37')20$��:H�QRWH�WKDW�WKHUH�DUH�RWKHU�FRQWULEXWLRQV�WR�WKH�

6FKHPH����7KH�VWURQJO\�HOHFWURQHJDWLYH�IOXRULQDWHG�JURXSV�LQ�37')20$�IRUP�VXUIDFH�GLSROHV�ZLWK�0R6��
E\� DWWUDFWLQJ� HOHFWURQ� GHQVLW\� IURP� WKH� VXOIXU� DWRPV�� 6XUIDFH� GLSROHV� EHWZHHQ� 320$� DQG�0R6�� IRUP��
IROORZLQJ�HOHFWURQ�GRQDWLRQ�IURP�R[\JHQ�WR�WKH�VXOIXU�DWRPV��
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UHQRUPDOL]DWLRQ� RI� WKH� ELQGLQJ� HQHUJ\�� VXFK� DV� WKH� VXUURXQGLQJ� GLHOHFWULF� HQYLURQPHQW��� DQG�

LQWHUDFWLRQV�ZLWK�GHIHFWV�������ZKLFK�DUH�QRW�H[DPLQHG�LQ�GHWDLO�KHUH��

7R�FKDUDFWHUL]H�HOHFWURQLF�FKDQJHV�LQ��'�0R6��DV�D�IXQFWLRQ�RI�SRO\PHU�FRPSRVLWLRQ��ZH�

HPSOR\HG�.3)0��DQ�HOHFWULF�IRUFH�VFDQQLQJ�SUREH�WHFKQLTXH�XVHG�WR�GHWHUPLQH�WKH�)HUPL�OHYHO�RI�

VDPSOHV�WKURXJK�WKH�PHDVXUHPHQW�RI�VXUIDFH�SRWHQWLDO�FRQWUDVW��63&����±���ZKLFK�LV�GHILQHG�DV��

ܥܲܵ ൌ
௦௔௠௣௟௘ࢶ௣௥௢௕௘െࢶ

݁ �����������������������������������������������������������ሺʹሻ��

63&�WUDFNV�FKDQJHV�LQ�ZRUN�IXQFWLRQ��)VDPSOH��E\�FDOLEUDWLQJ�WKH�SUREH¶V�ZRUN�IXQFWLRQ��)SUREH���

ZKHUH� H� LV� WKH� FKDUJH� RI� DQ� HOHFWURQ�� +HUH�� ZH� XVHG� KLJKO\� RULHQWHG� S\URO\WLF� JUDSKLWH� IRU�

FDOLEUDWLRQ� �VHH� VXSSRUWLQJ� LQIRUPDWLRQ��� 7KH� ZRUN� IXQFWLRQ� LV� GHILQHG� DVߔ� ൌ ௩௔௖ܧ െ ிܧ �� VR�

FKDQJHV�WR�WKH�)HUPL�OHYHO�WUDFN�FKDQJHV�LQ�WKH�FDUULHU�GHQVLW\��7KDW�LV��DQ�LQFUHDVHG�)HUPL�OHYHO�LV�

DVVRFLDWHG� ZLWK� DQ� LQFUHDVHG� HOHFWURQ� GHQVLW\� �GHFUHDVHG� )�� LQGLFDWLYH� RI� Q�GRSLQJ��� DQG� D�

GHFUHDVHG�)HUPL�OHYHO�LV�DVVRFLDWHG�ZLWK�GHFUHDVHG�HOHFWURQ�GHQVLW\��LQFUHDVHG�)��LQGLFDWLYH�RI�S�

GRSLQJ���

3HUIRUPLQJ�.3)0�XQGHU�DPELHQW�FRQGLWLRQV��ZH�REVHUYHG�WKDW�WKH�ILOP�TXDOLW\�RI�VDPSOHV�

WUHDWHG�ZLWK�ERWK�SRO\PHUV�LV�XQLIRUP�LQ�WHUPV�RI� VXUIDFH�FRYHUDJH�DQG�URXJKQHVV��)LJXUH��D����

:RUN�IXQFWLRQ�PDSV��)LJXUH��D��RI�WKH�VDPH�DUHDV�UHYHDOHG�EULJKW�FRORUHG��L�H���KLJKHU�)��OLQHV��

)LJXUH������D��.3)0�KHLJKW��OHIW�FROXPQ��DQG�VXUIDFH�SRWHQWLDO��ULJKW�FROXPQ��LPDJHV�IURP�37')20$�
FRDWHG��EDUH�DQG�320$�FRDWHG�0R6��VDPSOHV���7KH�KHLJKW�VFDOH�LQGLFDWHG�E\�WKH�FRORU�EDU�LV����QP�IRU�DOO�
VDPSOHV����E��:RUN�IXQFWLRQ�GLVWULEXWLRQV�IURP�.3)0�PHDVXUHPHQWV�ZKLFK�VKRZ�Q�W\SH�GRSLQJ�E\�320$�
DQG�S�W\SH�GRSLQJ�E\�37')20$���7KH�OLJKWHU�FRORU��KLJKHU�ZRUN�IXQFWLRQ��OLQHV�LQ�WKH�.3)0�LPDJHV�DUH�
EUHDNV�LQ�WKH�0R6��PRQROD\HU�ZKHUH�WKH�XQGHUO\LQJ�JROG�VXEVWUDWH�LV�H[SRVHG���:RUN�IXQFWLRQ�GLVWULEXWLRQV�
LQ��E��GR�QRW�LQFOXGH�WKHVH�H[SRVHG�JROG�UHJLRQV��
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which were interpreted as grain boundaries and removed from the analysis. The work function is 

shifted by the application of polymer films from a nominal value of 4.9 eV for bare MoS2 (on 

Au/Ti/SiO2/Si) to 5.3 eV by PTDFOMA treatment (p-doping), and 4.6 eV by POMA treatment (n-

doping), as illustrated in Figure 2b.  We note that the magnitude of these shifts is substantial and 

in qualitative agreement with PL analysis, which estimated significant p- and n-doping effects 

from PTDFOMA and POMA, respectively. 

To gain more perspective on the significance of these findings, we predicted the shift in 

the Fermi level by employing the parabolic band approximation to express the difference between 

the Fermi level and the conduction band edge:46 

𝐸𝐹 − 𝐸𝑐 = 𝑘𝑏𝑇 ln [𝐸𝑥𝑝 (𝑛
𝑔2𝐷𝑘𝑏𝑇⁄ ) − 1]                                             (3) 

where Ec is the conduction band energy, kb is Boltzmann’s constant, n is the sheet carrier density, 

and g2D is the 2D density of states at the band edge. Using the carrier densities determined by the 

PL measurements, we predicted shifts in the Fermi level of ~ -10 meV for PTDFOMA (towards 

the valence band), and ~ 5 meV for POMA (towards the conduction band). The differences 

between the shifts measured by KPFM and those predicted from changes in carrier density as 

determined by PL were ~ 40× and 60× for PTDFOMA and POMA, respectively.  We attributed 

these discrepancies to significant dipole interactions which formed at the 2D-polymer interface 

and produced an additional, substantial shift in the Fermi energy, independent of any charge 

exchange between MoS2 and the polymers.42,47–49  This substantial shift in the Fermi energy, 

despite a modest shift in carrier density, reflects the powerful role that differences in 

electronegativity play in dipole formation that modifies the electronic environment of the 2D-

polymer interface. These dipole effects further modify trion behavior (binding energy), 

independent of carrier density changes. Overall, our findings reinforce the importance of 

polarization effects on the Coulombic many-body interactions that govern the optoelectronic 

properties of 2D MoS2 and demonstrate an approach to quantitatively disentangle contributions 

from carrier density changes by using a combination of PL and KPFM. A similar approach would 

be useful to investigate quantitative aspects and mechanistic details pertaining to the surface 

modification of TMDCs in general by a variety of polymeric and non-polymeric coatings, the 

results of which will be pertinent to 2D materials device applications. 
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We found that methacrylate polymers with linear perfluorinated side chains as thin film 

coatings resulted in significant changes to the trion signatures in the PL spectra of monolayer 

MoS2. Changes in electron density were significant, -0.70 × 1013 e-/cm2 due to PTDFOMA and 

0.48 × 1013 e-/cm2 due to POMA, with changes in binding energy of ~ -2 and 4 meV, respectively.  

Significant shifts in the Fermi level of monolayer MoS2 were measured by KPFM, which is 

interpreted as strongly dipole-driven based on the insufficient changes in carrier density needed to 

achieve such shifts. From this, we conclude that contact of the perfluorinated sidechains with MoS2 

results in the observed changes in electron density and Fermi level. Thus, the strong effects on 

trion stabilization by perfluorinated and non-fluorinated methacrylate polymers arise from both 

charge exchange and dipole effects, as deduced by KPFM measurements. This demonstrates the 

sensitivity of trion stabilization to factors that influence the electronic properties of devices based 

on TMDCs, such as carrier density and polarization. We have additionally shown the utility of 

perfluorinated polymer coatings as p-type dopants of MoS2, and their contrasting electronic impact 

to that of a non-fluorinated analogue. Future work will broaden the scope of polymer and TMDC 

compositions studied in this manner. 

 

Associated Content 

Supporting Information 

Synthetic methods and characterization of the monomers and polymers, details of PL 

measurements and calculations, and details of KPFM, are available free of charge at http:// 
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Methods 
Materials. CVD-grown MoS2 monolayer continuous films (10 mm × 10 mm) on Au/Ti/SiO2/Si and SiO2/Si 
(300 nm oxide layer) were procured from 6Carbon Technology (Shenzhen, China). 1-Octanol (99%), 
methacryloyl chloride (97%), 2,2'-azobisisobutyronitrile (AIBN, 98%), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid, triethylamine (TEA, 99.0+%), dichloromethane (DCM, 99.8+%), 
and toluene (99.8+%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2,2,2-trifluoroethanol 
(TFE, 99.9%) was obtained from Oakwood Products, Inc (West Columbia, SC, USA). Chloroform-d 
(99.8%) and 2,2,2-trifluoroethanol-d3 (99%) were purchased from Cambridge Isotope Laboratories 
(Tewksbury, MA, USA). 1H,1H,2H,2H-Tridecafluoro-n-octyl methacrylate (TDFOMA, stabilized with 
MEHQ, 98.0+%) was obtained from Fisher Scientific (Waltham, MA, USA), and run through a plug of 
basic alumina to remove the inhibitor. Before use, AIBN was recrystallized from methanol. TEA and DCM 
were separately dried and distilled over calcium hydride. Toluene was dried and distilled over 
sodium/benzophenone. All other materials were used as received without additional purification.   
 
Synthesis of n-Octyl Methacrylate Monomer. 1-Octanol (1.20 mL, 7.57 mmol) and triethylamine (1.28 
mL, 9.18 mmol) were dissolved in anhydrous dichloromethane (15 mL) in a flame-dried 100-mL three-
necked flask charged with a stir bar. The mixture was cooled in an ice/water bath for 10 min, and 
methacryloyl chloride (0.842 mL, 8.36 mmol) was added dropwise from an addition funnel while stirring. 
The mixture was allowed to warm to room temperature and stirred for 24 hours. It was then passed through 
a basic alumina plug using DCM as eluent to remove any unreacted methacryloyl chloride, triethylamine 
hydrochloride salt, and methacrylic acid. The purified product was concentrated by rotary evaporation at 
23 °C to afford a colorless liquid. 
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Figure S1. 1H NMR spectrum of n-octyl methacrylate (CDCl3, 500 MHz). 

 

Synthesis of PTDFOMA and POMA via RAFT Polymerization. For the preparation of PTDFOMA, the 
chain transfer agent 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (1 eq), 2,2’-azobisisobutyronitrile 
initiator (0.1 eq), TDFOMA (60 eq) and TFE were mixed in a 20-mL vial equipped with a magnetic stir bar 
and rubber septum. The reaction mixture was degassed using dry nitrogen gas for 30 min and then stirred 
at 65 °C for 12 h. The polymerization was quenched by rapidly cooling the solution in liquid nitrogen and 
opening to air. The crude product was diluted with TFE and precipitated in methanol. The obtained polymer 
was re-dissolved in TFE and re-precipitated in methanol two more times to remove any unreacted monomer. 
A light pink solid product was obtained after drying under vacuum overnight. 

 

 

Figure S2. 1H NMR spectrum of PTDFOMA (TFE-d3, 500 MHz). 
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For the synthesis of POMA, the chain transfer agent 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (1 
eq), 2,2’-azobisisobutyronitrile initiator (0.3 eq), n-octyl methacrylate (100 eq) and toluene were mixed in 
a 20-mL vial equipped with a magnetic stir bar and rubber septum. The reaction mixture was degassed 
using dry nitrogen gas for 30 min and then stirred at 70 °C for 24 h. The polymerization was quenched by 
rapidly cooling the solution in liquid nitrogen and opening to air. The crude product was diluted with toluene 
and precipitated in methanol. The obtained polymer was re-dissolved in toluene and re-precipitated in 
methanol two more times to remove any unreacted monomer. A light pink solid product was obtained after 
drying under vacuum overnight. 

RAFT polymerization afforded the desired polymers as light pink solids with number-average molecular 
weight (Mn) values in the 30-35 kDa range estimated from 1H NMR spectroscopy and polydispersity index 
of 1.04 obtained from gel permeation chromatography relative to PMMA standards. 

 

Figure S3. 1H NMR spectrum of POMA (CDCl3, 500 MHz). 

 
Sample Preparation.  PTDFOMA and POMA were dissolved in TFE and CHCl3, respectively, and diluted 
to attain a final concentration of 1 mg/mL. The polymer solutions were individually spin-coated onto the 
TMDC substrates at 500 rpm for 5 s and then at 4000 rpm for 55 s. Prior to deposition, these solutions were 
subjected to sonication (inserting a glass vial of the polymer solution into a sonication bath) for 10 minutes 
at room temperature and filtered through a PTFE membrane (0.2 μm VWR). To remove the residual solvent, 
the samples were vacuum-dried at room temperature for at least 18 hours. Polymer film thickness is 
estimated at ~ 8 nm, based on ellipsometry measurements performed on a variety of polymer films prepared 
from identical spin-coating conditions on Si wafers as those on MoS2.1 Film uniformity is good, with the 
RMS roughness on the same order as the underlying MoS2 substrate (1.82 nm, 2.09 nm, 1.35 nm for bare, 
PTDFOMA, and POMA, respectively.) 
 
Photoluminescence (PL) Measurement. PL spectra were collected using an inverted microscope (Nikon 
TE 2000) in an epi-illumination configuration.  Excitation from a 488-nm argon ion laser (National Laser 
H800NAL) was directed through an objective (Zeiss Plan NeoFluar 20x, 0.5 NA) via a dichroic mirror 
(Semrock Di02-R488), resulting in a power density of ~150 mW/cm2 at the sample plane. Sample 
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where me (0.35m0), mX (0.8m0), and mX- (1.15m0),3 are the effective masses of the electron, exciton, and 
negative trion, respectively, and m0 is the free electron rest mass.  NX, NX- and nel are the exciton, trion, and 
free electron population densities, and Eb is the trion binding energy.  The PL intensities of trion and exciton 
can be expressed in terms of their respective populations are as follows: 
 

𝐼𝑋 = 𝐴𝛾𝑒𝑥𝑁𝑋                                                                            (𝑆3) 

𝐼𝑋− = 𝐴𝛾𝑡𝑟𝑁𝑋−                                                                        (𝑆4) 

where Jex and Jtr are the radiative decay rates of excitons, and trions, respectively, and A is a constant related 
to experimental collection efficiency.4  The ratio of trion PL intensity (S4, from deconvolution) to total PL 
intensity (sum of trion and exciton intensities, S3 and S4), can then be combined with S2 to determine the 
electron density,  
 

𝑛𝑒𝑙 =
𝐼𝑋−

𝐼𝑡𝑜𝑡 − 𝐼𝑋−
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(
4𝑚𝑋𝑚𝑒
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) 𝑘𝐵𝑇𝐸𝑥𝑝 (
−𝐸𝑏
𝑘𝐵𝑇)                                         (𝑆5) 

 
where we used the value for 𝛾𝑡𝑟

𝛾𝑒𝑥
 of 0.15.4   

 
Kelvin Probe Force Microscopy (KPFM) Measurement.  Samples were analyzed using a Dimension 
Bioscope AFM with a Nanoscope IIIa controller, using 2-pass lift mode AM-KPFM, and with vibration 
isolation via a Minus K BM-8 platform placed within a Herzan The Crypt acoustic enclosure. AppNano 
ANSCM-PT probes were used for all measurements, which consist of a ~225 mm long Si cantilever coated 
with PtIr, resulting in tips with ~30 nm radius and a resonant frequency of ~75 kHz.  Measurements were 
performed with a scan size of 10 Pm, at speeds between 1.0 and 1.5 Hz, and with a lift height of 30 nm.  
Analysis of topography images was performed in Gwyddion, by performing row alignment and plane 
subtraction, and analysis of SPC images by row alignment only or no processing.  KPFM images were used 
to form distributions by first removing grain boundaries, visible as high work function lines in Figure 2a, 
by generating a mask to exclude those data points.  The work function of the tip was established by 
measuring the SPC of highly oriented pyrolytic graphite (HOPG), and using a value of 4.65 eV for HOPG.5 
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