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[bookmark: OLE_LINK38]Supplementary Note 1: P-V hysteresis loops with varied measurement frequency of a BFO (001) film 
The macroscopic P-V hysteresis loop with different measuring frequency on BFO (001) films. From Supplementary Figure 1, we can obtain the saturation polarization on BFO film in value of Ps~ 60 C cm-2.
[image: ]
Supplementary Figure 1: Macroscopic electric P-V hysteresis loops with varied measurement frequency of a BFO (001) film[1].










Supplementary Note 2: Photoluminescence of WSe2 on BFO
    To confirm that the intensity attenuation did not originate from destruction by the tip on scanning with an AFM, we investigated the Pup and Pdown regions upon BFO layer. We scanned the naturally downward polarization area (probe voltage set to +8 V) and another upward (probe voltage set to -8 V) with the AFM tip. In Supplementary Figure 2, the PL measurement reveals decreased photon-energy emission and intensity attenuation in the Pup region, compared with the Pdown region. These results confirm that there is no destruction in the poled region of either morphology or piezoelectricity. 
[image: ]
[bookmark: OLE_LINK158][bookmark: OLE_LINK161]Supplementary Figure 2: (a)-(b) Piezoelectric-force microscope measured morphology, out-of-plane phase, and (c) photoluminescence from Pup and Pdown regions of a WSe2/BFO system. Both scale bars in the figures are 5 m.


Supplementary Note 3: Band diagrams of a WSe2/BFO homojunction with polarization states upward (Pup) and downward (Pdown) 
 Bare WSe2 and BFO
[bookmark: OLE_LINK14]To determine the valence-band offset of the WSe2-BFO homojunctions, we require to know the respective core-level (CL) position relative to the valence-band maximum (EVBM), which was measured from the epitaxial layers on WSe2 and BFO, respectively. The value [2] from the WSe2 layer and the obtained value  from BFO layer in Supplementary Figure 3.
[image: ]
Supplementary Figure 3: (a)-(b) Bi 4f core-level and valence-band maximum in a bare BFO layer. 

 WSe2 on BFO with polarization states Pup and Pdown
[bookmark: OLE_LINK15]As referred to in Fig. 3, the photoelectron emission spectra measured with SPEM of states Pup and Pdown of a WSe2-BFO homojunction is shown in the following Supplementary Figure 4; the energy separations of the Bi 4f and W 4f core levels are summarized in Supplementary Table 1. The relation between the valence-band offset and the PES measurement is

in which  is the energy separation between and and the two epitaxial layers are  and 
[bookmark: OLE_LINK44]On combining the valence-band maximum (VBM) to the core-level value from bare WSe2 and BFO epilayers, we measured the apparent valence-band offset (VBO) values of Pup and Pdown samples to be 0 and 1.0 eV, respectively. The band gap of WSe2 is known to be 1.6 eV[3,4]. We compared the value between W 4f core-level to valence-band maximum from Bare WSe2 layer (31.8 eV) and W 4f core-level positions from WSe2-BFO homojunction (32.2 eV for state Pdown, 33.2 eV for state Pup), which reveals the Fermi level to be at 0.4 eV above the valence-band maximum for state Pdown and 0.2 eV below the conduction-band minima for state Pup. This pn junction formed for WSe2 placed on a BFO layer is shown in Supplementary Figures 4 (d) and (e).
[bookmark: _GoBack][image: ]
[bookmark: OLE_LINK72]Supplementary Figure 4: (a)-(c) W 4f, Se 3d and Bi 4f core-level photoelectron spectra in regions Pup and Pdown of a WSe2/BFO homojunction. (d)-(e) Band diagrams for regions Pup and Pdown of a WSe2/BFO homojunction; EF denotes the Fermi level, EC is the conduction-band minimum, EV is the valence-band maximum, ECL-EVBM is the energy separation from the core-level to the valence-band maximum (VBM). Supplementary Table 1 shows a summary of the Bi 4f7/2, W 4f7/2 and Se 3d5/2 core-level positions and energy difference between Bi 4f 7/2 to W 4f7/2 in various polarized WSe2/BFO samples.
[bookmark: OLE_LINK8][bookmark: OLE_LINK146][bookmark: OLE_LINK149]Supplementary Note 4: Effect of the substrate revealed in current-to-voltage and valence-band maxima for a WSe2/BFO homojunction
[bookmark: OLE_LINK128][bookmark: OLE_LINK157][bookmark: OLE_LINK129][bookmark: OLE_LINK91]Supplementary Figure 5 shows the substrate effect from a BFO layer in the transport electrical contact and XPS measurement. To reveal the pn junction with substrate effect, the sample was placed in a SEM chamber and transport measurement was performed with a conducting probe as shown in the inset of Supplementary Figure 5 (a). We measured a pn junction and BFO layer, but the current signal is obviously affected significantly by the BFO substrate in a region of negative bias. In addition, XPS measured valence band maxima pinning with respect to Pup, Pdown and bare BFO samples, respectively, which also revealed the substrate effect resulting from bare BFO layer.
[image: ]
[bookmark: OLE_LINK19][bookmark: OLE_LINK150][bookmark: OLE_LINK77]Supplementary Figure 5: (a) Current vs. voltage measured for the pn junction and a bare BFO layer. (b) XPS measurement of valence-band maxima pinning for Pup, Pdown and bare BFO layer.




[bookmark: OLE_LINK12]Supplementary Note 5: Transport behavior of pp, nn and pn junctions revealed in current-to-voltage for a WSe2/BFO homojunction (Diode-H)
[bookmark: OLE_LINK293][bookmark: OLE_LINK294][bookmark: OLE_LINK319][bookmark: OLE_LINK320][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK287][bookmark: OLE_LINK288]Figure 6 shows a current measurement for pp, nn and pn WSe2 junctions in the transport electrical contact measurement. We combine band structure in SPEM and electron affinity of WSe2[5], and the resulting work function of Pd and WSe2 are values of about Pd = 5.2~5.6 eV, p-type = 5.3  0.1 eV and n-type = 4.3  0.1 eV. Thus, the pp and nn junctions show ohmic contact and Schottky contact behavior in Supplementary Figure 6, respectively. This transport result is not only consistent with our band structure prediction in SPEM, but also confirms the functionality of WSe2 homojunction.
[image: ]
[bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK153][bookmark: OLE_LINK155][bookmark: OLE_LINK285][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK299][bookmark: OLE_LINK295][bookmark: OLE_LINK296]Supplementary Figure 6: Current vs. voltage measured in pp, nn and pn junctions in WSe2/BFO system.  




[bookmark: OLE_LINK5][bookmark: OLE_LINK24][bookmark: OLE_LINK101]Supplementary Note 6: Carrier densities calculations 
[bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK30][bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK151][bookmark: OLE_LINK152]Estimation of carrier density from band alignment in SPEM
1. [bookmark: OLE_LINK154][bookmark: OLE_LINK112]We consider the electron density in conduction band and valence band[6]
[bookmark: OLE_LINK147][bookmark: OLE_LINK148]n =(g2DkBT)ln{1+exp[(EF-EC)/ kBT]}				(2)
p =(g2DkBT)ln{1+exp[-(EF-EV)/ kBT]}				(3)
in which g2D =(4me/h*/h2) is 2D density of states in TMD semiconductor (me/h* effective electron/hole mass, EF-EC and EF-EV are the separation from Fermi level to conduction band minima (CBM) and valence band maxima (VBM) measured with a SPEM, respectively 
2. To estimate the electron/hole density of states, the effective mass of electron me,WSe2*=0.33m0 and hole mh,WSe2*=0.46 m0 from WSe2 are used to estimate[7]
g2D =(4me/h*/h2)								(4)
=(4me/h*/(6.62610-34)2)
3. Then we can get n of WSe2
n =(g2DkBT)ln{1+exp[(EF-EC)/ kBT]}
[bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK239][bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK159][bookmark: OLE_LINK160]  =(4 0.339.1110-31 1.3810-23300/(6.62610-34)2) ln{1+exp[-0.2/0.0257 ]}
  = 3.561016 cm-2 4.1710-4 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]  ~ 1.481013 cm-2 
p =(g2DkBT)ln{1+exp[-(EF-EV)/ kBT]}
  =(4 0.469.1110-31 1.3810-23300/(6.62610-34)2) ln{1+exp[-0.4/0.0257 ]}
[bookmark: OLE_LINK180][bookmark: OLE_LINK181]  = 4.961016 cm-2 1.7410-7 
  ~ 8.63109 cm-2 

Estimation of intrinsic carrier density from band alignment
To illustrate how different types of carrier densities change in semiconductor, we have to introduce the intrinsic carrier density. By using mass action law in semiconductor, we can get the intrinsic carrier densities (i) as,
[bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK417][bookmark: OLE_LINK418][bookmark: OLE_LINK419][bookmark: OLE_LINK420][bookmark: OLE_LINK422][bookmark: OLE_LINK415][bookmark: OLE_LINK416][bookmark: OLE_LINK421]i =(g2D,hkBT g2D,ekBT)0.5 exp[-Eg/ 2kBT]
[bookmark: OLE_LINK410][bookmark: OLE_LINK411][bookmark: OLE_LINK423][bookmark: OLE_LINK424][bookmark: OLE_LINK240]=(4.9610163.561016)0.5 exp[-1.6/ 0.0514]
[bookmark: OLE_LINK427][bookmark: OLE_LINK428]=4.201016 cm-2310-14
=1.26103 cm-2
[bookmark: OLE_LINK440][bookmark: OLE_LINK441]The change of carrier density corresponds to the Fermi-level tuning in the band structure from SPEM, which shows 2D material can tune from intrinsic (~103 cm-2) into p-type (~1010 cm-2) or n-type (~1013 cm-2) semiconductor. This reveals the carrier density manipulation is fully affected by BFO layer, which shows that a huge range of carrier density tuning is achievable. 
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