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Figure S1. SIMS profile of Ge substrate implanted with 1×1013 cm–2 B at 60 keV with tilt angles of 7 °.
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Figure S2. Fabrication process of Ge/MoS2 double junction phototransistor.
Fabrication process 
The fabrication process of Ge/MoS2 double junction phototransistor is shown in Figure S2. A n-type Ge substrate (1×1017 cm–2) was implanted with 1×1013 cm–2 B at 60 keV with tilt angles of 7 ° and then activated at 250 °C for 30 min. Thickness of implanted Ge substrate was controlled with wet etching in solution of NH4OH:H2O2:H2O (1:1:20) up to ~100 nm. Ti/Au (5/45 nm) contacts were fabricated for p-Ge using mask aligner and electron-beam evaporator. A mesa structure was formed using photolithography followed by wet etching in solution of NH4OH:H2O2:H2O in the ratio of 1:1:20. 5/45 nm Ni/Pt were deposited as n-Ge electrode using electron-beam evaporation and a standard lift-off technique. In order isolate a metal contact of MoS2, 10 nm Al2O3 was deposited at 200 °C using atomic layer deposition (ALD). The isolation layer (Al2O3) was etched until p-Ge surface was completely exposed to control a junction area of MoS2 and p-Ge. At this time, to form a sloped sidewall at the isolation layer,1 diluted hydrofluoric acid (HF:H2O = 1:100) was used and a circular shape was shown with a diameter of 20 μm. To lead to oxide-free Ge surface, the exposed Ge was passivated by 50% diluted HCl for 1 min.2 Multilayer MoS2 flakes mechanically exfoliated from n-type MoS2 crystals (~1×1017 – ~1×1018 cm–3) (2Dsemiconductors, USA) and then transferred onto the exposed Ge surface. The MoS2 electrode was patterned on top of MoS2 on the isolation layer using conventional lift-off technique and then 5/200 nm Ti/Au were deposited by e-beam evaporation. The fabricated device was annealed at 150 °C for 1 hour using a rapid thermal process (RTP) to remove any absorbed organic residues and form a reliable junction between the Ge and MoS2 interface.3
The smile image was fabricated on a quartz substrate. 300 nm Al was deposited and patterned using electron-beam evaporation and the conventional lift-off technique, respectively. 
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Figure S3. Energy band diagram (a) KPFM image of Ge/MoS2 heterojunction. Red, navy, and orange solid lines mark the position of MoS2, exposed Ge, Ge/MoS2 junction, respectively. (b) Surface potential maps corresponding with i) p-Ge, ii) MoS2, and iii) p-Ge/MoS2. (c) Tauc plot for the determination of the indirect band gap using (αhν)0.5. (d) Energy band diagram of Ge/MoS2 double junction phototransistor.
Energy band diagram of Ge/MoS2 vdWs heterojunction
To plot energy band diagram of Ge/MoS2 vdWs heterojunction, KPFM measurement and Tauc plot method were performed. To measure work functions of p-Ge and MoS2, p-Ge/MoS2 heterojunction was fabricated for KPFM measurement. The fabrication process for KPFM measurement is analogous to the process for Ge/MoS2 vdWs phototransistor. However, to simultaneously measure the surface potential of MoS2, p-Ge, MoS2/p-Ge heterojunction, p-Ge was exposed without contact metal. At this time, a MoS2 flake of 6 to 7 nm was used. Surface potential difference was measured by KPFM mapping using AFM, as shown in Figure S3a. Red, navy, and orange solid lines show MoS2, p-Ge, p-Ge/MoS2 junction, respectively. Figure S3b shows surface potential maps with mean values of p-Ge, MoS2, and p-Ge/MoS2. The work functions of MoS2 and p-Ge were 4.82 and 4.55 eV, respectively, calculated as Φs = Φtip − ΔVCPD, where Φs is the work function of the sample, Φtip is the work function of the tip, and ΔVCPD is the potential difference between sample and tip, which is measured by KPFM. Here, Φtip was found to be ~ 5.02 eV. To determine band gap of Ge, absorption coefficient of Ge was measured onto exposed p-Ge using microspectrophotometer (20/30 PV Microspectrophotometer-Apollo Raman Microspectrometer, CRAIC).  Figure S3c shows Tauc plot for the determination of the indirect band gap using (αhν)0.5. Where α is absorption coefficient, h is Planck’s constant, and ν is the photon frequency. Indirect band gap of Ge was found to be ~ 0.66 eV. Based on extracted data, energy band diagram of Ge/MoS2 double junction phototransistor was expected, as shown in Figure S3d and S3e. 
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Figure S4. Reflectance spectra (a) Reflectance spectra of Ge and the Ge/MoS2 heterojunction. The reflectance spectra were characterized by UV-Vis micro-spectrophotometer. (b) Differential reflectance spectra revealing exciton peaks of MoS2. The differential reflectance is defined as (R ˗ R0)/R, where R is reflectance of Ge/MoS2 and R0 is reflectance of Ge. The A- and B- exciton of MoS2 were observed at ~1.84 and 2.03 eV, respectively.4 
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Figure S5. Comparison of electrical performance for hot electron transistors (HETs) and heterojunction bipolar transistors (HBTs) based on 2D materials.5–12
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Figure S6. Power dependent photoresponse characteristics of Ge/MoS2 double junction phototransistor. (a) Temporal photoresponse with different power density of 1, 3, 10, 30, 100, 300 and 1000 mW/cm2 under 466 and (c) 1550 nm illumination. (b) Photocurrent under 466 and (d) 1550 nm illumination as a function of the incident power density.
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Figure S7. Current noise of phototransistor. (a) Current noise power spectral density (PSD) for several VCE from 0 to 4 V. (b) Current noise PSD of measurement instrument. Input power noise are observed at intervals of 60 Hz. (c) Noise current density with respect to the collector current.
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Figure S8. Spectral responsivity and external quantum efficiency (EQE) of Ge/MoS2 double junction phototransistor.
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