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Figure S1: (a) PL spectrum of MoS2/GFNO showing peak maximum at 1.86 eV; this corresponds 

to a mono-layer MoS2. (b) Raman spectrum of MoS2/GFNO; E1
2g and A1g peak separation (~18 

cm-1) indicates MoS2 is mono-layer. (c) cross-sectional TEM; (d) EDS mapping of Gd and S.
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Figure S2(a): Frequency-dependent polarization switching (from 1000 to 5000 Hz) as a 

function of electrical field in GFNO (without MoS2 capping); (b) and (c) are schematic 

illustrations showing the directions of pulses (+/- 4 volts) used to induce opposing 

ferroelectric dipole alignment within the GFNO layer (brown color). CPD of two GFNO 
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states along with corresponding KPFM images (insets) are presented on right side. KPFM 

maps indicate changes in surface potential during the switch from a positive to a negative pulse, 

which corresponds to surface band bending induced by the bound charge.
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Figure S3: A0 (neutral) and A− (trion) integration intensities probed by PL in MoS2 on (a) 

sapphire substrate and (b) GFNO substrate. Peak B associated with direct optical 

transitions from the lowest conduction bands to the highest spin-split valence bands. The 

neutral exciton (A0) is the ground state of a charge neutral system, and trions (A−) are 

formed by the binding of a free electron to a neutral exciton, represented as e + A0 → A−. 

We fit the data using three Lorentz functions, respectively corresponding to A0, A− and B 

(peak B associated with direct optical transitions from the lowest conduction bands to the 

highest spin-split valence bands) peaks. The IA-/IAo ratio of MoS2/GFNO was much higher 

than that of MoS2/sapphire, indicating the formation of a large number of trions when 

MoS2 was transferred from sapphire to GFNO.
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Figure S4: Details of pulse measurements (generated by a Keithley 2400 meter) for (a) 

positive and (b) negative pulse. Pulse voltage was set at 4 volts. Pulse width and pulse 

delay time were fixed at 0.1 sec. and 0.025 sec., respectively.

Figure S5: (a) Effects of positive pulse cycle on PL spectra of MoS2/GFNO device. (b) 

Top panel: integrated intensity of neutral exciton emissions (A0) and trion emissions (A−). 

Middle panel: intensity ratios of trion emissions (A−)/neutral exciton emissions (A0), and 
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trion emissions (A−)/[trion emission (A−) + neutral excitons emissions (A0)]. Bottom panel: 

electron density estimated from the three-level model and mass action model.

Figure S6: Fitting results of PL spectra from MoS2/GFNO device responding to the 

application of various numbers of negative pulse cycles at -4 volts.
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Figure S7: Fitting results of PL spectra from MoS2/GFNO device responding to the 

application of various numbers of negative pulse cycles at +4 volts.
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Figure S8: XPS fitting of Mo 3d (a, c, e, g) /S (b, d, f, h). XPS spectra from devices 

without annealing (g-h) and those that underwent annealing at temperatures of 500 ºC 
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(a-b), 400 ºC (c-d), 300 ºC (e-f), with each condition induced by 900 pulse cycles at -4 

volts

Table S1: The parameters of Helmholtz free energy calculation in Fig.4. References 

(Ref.1~3) relevant to the calculations of Δ  (Helmholtz free energy), Δ  (surface energy) 𝐹𝛾 𝑆𝛾

and Ps (saturated ferroelectric polarization) are given at the end of the supporting 

information.

Δ
𝐹𝛾

0.86 eV/f.u 
1

Δ𝑆𝛾 0.1 meV/f.u.2

Ps 0.28μC/cm
3

Positive pulse Negative pulse
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Table S2. Information related to differences in binding energy in Figs. 7 (b) and (c)

Calculation of electron density 

It has been reported that for a monolayer of MoS2, the PL results are modulated by 

electron doping effects4. The relative intensity ratio of trion and neutral exciton emissions 

from a monolayer of MoS2 is determined by the type of substrate, which can be attributed 

to differences in substrate induced electron doping effects. For our calculations, the 

electron density in MoS2/GFNO from the analysis of PL intensity of excitons and trions 

emissions. From the mass action model based on the dynamic equilibrium between 

Core level Peak 2H- intrinsic 2H- extrinsic 2H-MoS2 1T’-MoS2

Mo 3d 231.11 eV 230.86 eV 231.12 eV 230.36 eV

S 2p 163.04 eV 162.78 eV 163.04 eV 162.24 eV
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neutral excitons (A0), free electrons and trions (A-), we obtained the following 

relationship:5-7

𝑁𝐴0 𝑛𝑒𝑙

𝑁𝐴 ―
= (

4𝑚𝐴0𝑚𝑒

ℎ2𝑚𝐴 ―
)𝑘𝑇𝑒

( ―
𝐸𝑏

𝑘𝑇)

where  is the Boltzmann constant, Eb is the trion binding energy (~20 meV)8, T is the𝑘

temperature, and (0.35m0), (0.8m0) and (1.15m0) respectively indicate the 𝑚𝑒 𝑚𝐴0 𝑚𝐴0

effective mass of neutral excitons, trions and electrons, where m0 refers to the mass of 

free electrons.9

and  respectively indicate the populations of neutral excitons and trions, and is 𝑁𝐴0 𝑁𝐴 ― 𝑛𝑒𝑙

the electron density. To establish the relationship between PL intensity and the population 

of neutral excitons and trions, we considered a three-level model that includes a trion, an 

exciton, and the ground state. Based on this model, the PL intensity weight can be related 

to the population of

neutral excitons and trions as follows:
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𝐼𝐴 ―

𝐼𝑡𝑜𝑡𝑎𝑙
=

𝐼𝐴 ―

𝐼𝐴 ― + 𝐼𝐴0
=

𝐴 ―

𝐴0

𝑁𝐴 ―

𝑁𝐴0

1 +
𝐴 ―

𝐴0

𝑁𝐴 ―

𝑁𝐴0

where and  respectively indicate the integrated PL intensity of neutral excitons 𝐼𝐴0 𝐼𝐴 ―

and trions, and and  respectively indicate the relative decay rates of neutral excitons 𝐴0 𝐴 ―

and trions. The value of   is ~ 0.15 based on the findings of Mouri et al.10 The three 
𝐴 ―

𝐴0

level model can be combined with the mass action model as follows:

 (Eq. S1)𝑛𝑒𝑙 =  

𝐼𝐴 ―

𝐼𝑡𝑜𝑡𝑎𝑙

𝐴 ―

𝐴0
(1 ―

𝐼𝐴 ―

𝐼𝑡𝑜𝑡𝑎𝑙
)
[(

4𝑚𝐴0𝑚𝑒

ℎ2𝑚𝐴 ―
)𝑘𝑇𝑒

( ―
𝐸𝑏

𝑘𝑇)]
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