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  Section 1: Hall measurement result of PbS

  Section 2: Dark transfer characteristic of the photo-FinFET
During the gate voltage modulation process, as the Vbg increases from 0 V to the positive value, the Ids of the photo-Fin-
FET initially experiences a slight decrease. This behavior can be attributed to the carrier transfer occurring at the inter-
face between PbS and Si upon contact. The Fermi level disparity between PbS (p-type doping) and Si (n-type doping)
drives this carrier transfer process. Specifically, upon contact, holes tend to transfer from PbS to Si, while electrons mi-
grate from Si to PbS (as depicted in Fig. S1(a)). At this time, applying a positive Vbg to the Si channel can offset these ad-
ditional holes and replenish the lost electrons due to the carrier transfer process. Throughout this progression, the ini-
tial  increase  in Vbg results  in  a  reduction  in  hole  concentration,  leading  to  a  slight  decrease  in Ids (Fig. S1(b-d)).  It  is
worth noting that the modulation effect of the Vbg on the Si channel is relatively weak, primarily due to the substantial
thickness of the SiO2 interlayer and the high resistivity of the bottom Si. Consequently, this slight decline in Ids contin-
ues until Vbg reaches approximately 10 V, at which point Ids begins to rise (Fig. 2(a)).

 
Table S1 | Hall measurement of PbS.

 

Annealing condition Mobility (cm2·V−1·s−1) Carrier concentration (cm−3) Doping type

No annealing 10.67 3.21×1013 p-type
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Fig. S1 | Illustration of the transfer characteristic of the photo-FinFET. (a) Schematic diagram of the charge transfer process upon contact

between  p-type  doped  PbS  and  n-type  doped  top  Si.  (b)  Schematic  diagram  of  the  transfer  characteristic  curve  of  the  photo-FinFET.  (c,  d)

Schematic diagram of carrier states in Si channel. (c) and (d) correspond to the orange dot and green dot in (b), respectively.
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  Section 3: Responsivity of the photo-FinFET under visible light
It can be seen from Fig. S2 that as the Vbg increases positively, the responsivity of the photo-FinFET experiences a signi-
ficant  enhancement.  This  phenomenon  can  be  attributed  to  the  fact  that  a  substantial  positive Vbg can  accumulate  a
considerable number of electrons within the Si channel, thereby amplifying the opening effectS1. In essence, when an in-
creasing number of electrons accumulate in the Si channel, the photo-FinFET can achieve a larger conduction current
once the photovoltage opens the Si channel by compressing the depletion region. However, it is crucial to mention that
as  the electron concentration continues to rise,  the photo-FinFET will  eventually  reach a  saturation state.  As a  result,
further increases in the Vbg will no longer yield more photocurrent. Furthermore, the introduction of numerous carri-
ers caused by the large Vbg, via capacitive coupling, can bring higher levels of noise, ultimately diminishing the sensitiv-
ity of the photo-FinFET.

  Section 4: Optical microscope image and photocurrent mapping of the photo-FinFET

  Section 5: Infrared photoresponse of the photo-FinFET
According to Fig. S4(c) and S4(d), it can be seen that the infrared photoresponse of the photo-FinFET increases with the
increase of the Vbg. To elucidate this phenomenon, the net electron density of the photo-FinFET under varying Vbg was
simulated  (Fig. S5).  The  net  electron  density  is  derived  by  subtracting  the  electron  density  in  the  dark  state  from the
electron concentration in the light state. As depicted in Fig. S5, an increase in Vbg leads to a continuous rise in the net
electron density  within the Si  channel.  A higher  net  electron density  implies  a  more substantial  photocurrent  output,
aligning with the observed experimental phenomenon. However, the impact of enhancing the photocurrent by elevat-
ing the Vbg has limitations. Figure S5(b) illustrates that as the Vbg increases from 0 V, the net electron density initially
experiences a significant boost.  Nevertheless,  as the Vbg continues to increase,  the effect of increasing the net electron
density (infrared photoresponse) by applying a large gate voltage reaches saturation. At this point, the Vbg is set to 50 V,
which corresponds to the maximum gate voltage applied during the experiments.
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Fig. S2 | Responsivity of the photo-FinFET in response to 635 nm illumination under different Vbg.
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Fig. S3 | Characterization of the photo-FinFET. (a) Optical microscope image of the photo-FinFET, in which the PbS film wraps the Si channel.

(b) Photocurrent mapping result of the photo-FinFET. A 1550 nm laser was used to excite carriers. The light blue, yellow, and white boxes rep-

resent Si channel, electrode, and PbS areas, respectively.
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Moreover, Fig. S5(b) indicates that, besides increasing the net electron density on the SiO2 side of the Si channel, the
Vbg also slightly decreases the net electron density in certain areas inside the Si channel. This phenomenon is related to
the electron accumulation induced by the gate voltage. In specific,  the electron accumulation originates from electron
injection from the source electrode, spontaneous thermal excitation of carriers in the semiconductor, and the attraction
of existing electrons in the channel. Among them, the attraction of existing electrons in the channel results in a slight re-
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Fig. S4 | Photoresponse of the photo-FinFET under infrared illumination. (a, b) I-T curves of the photo-FinFET under 1550 nm and 2700 nm

illumination, respectively. (c, d) Photocurrent of the photo-FinFET as a function of light power density under different Vbg.
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duction in the net electron concentration in certain areas inside the Si  channel.  These accumulated electrons can also
shield  the  influence  of  the Vbg,  causing  the  net  electron  density  near  the  PbS-Si  heterojunction  to  undergo  slight  or
nearly negligible changes.

  Section 6: Response speed of the photo-FinFET under visible light
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Fig. S5 | Net electron density in the photo-FinFET under 1550 nm illumination. (a) Simulated net electron density distribution perpendicular

to the Si channel inside the photo-FinFET under different back gate voltages. The net electron density is calculated by subtracting electron dens-

ity  in  the dark  from electron density  under  illumination,  representing the change in  electron density  induced by infrared light.  (b)  Enlarged net

electron density distribution in the top Si channel region. As back gate voltage increases, the net electron density first increases rapidly, and then

the increment tends to saturation.
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Fig. S6 | Transient response of the photo-FinFET under 635 nm illumination. (a) Output signal of the photo-FinFET in response to 635 nm

light with a modulation frequency of 20 Hz. (b, c) Enlarged views of the rising and falling edges (indicated by the shaded boxed regions in (a)).

The rising edge (or falling edge) is defined as the time required for the signal to rise from 10% to 90% of its peak value (or decline from 90% to

10% of its peak value).
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  Section 7: Transient response of the photo-FinFET under infrared light
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Fig. S7 | Transient response of the photo-FinFET under 1550 nm illumination with different modulation frequencies. The modulation fre-

quencies of the 1550 nm laser are (a) 100 Hz, (b) 1000 Hz, (c) 2000 Hz, and (d) 3000 Hz, respectively.

Fu JT et al. Opto-Electron Sci  3, 230046 (2024) https://doi.org/10.29026/oes.2024.230046

230046-S6

 



  Section 8: Simulated electrostatic potential of the photo-FinFET

  Section 9: Summary of silicon-based infrared photodetectors
Up to  now,  various  strategies  have  been explored to  enable  Si-based infrared photodetection.  These  strategies  mainly
encompass integrating infrared-absorbing material, manufacturing black Si, utilizing the internal photoemission effect,
and hyper-doping Si.

(i) Integrating infrared-absorbing materials: This approach involves integrating classical infrared-sensitive materials,
such as  Ge,  III-V semiconductors,  and HgCdTe,  with  Si  through epitaxyS2−S4.  Moreover,  emerging infrared-absorbing
materials, including PbS CQDsS5,S6 and HgTe CQDsS7, can also be incorporated into Si using techniques like printing or
spin-coating.

(ii) Utilizing the internal photoemission effect: The internal photoemission effect generally occurs at the interface of
the  metal-semiconductor  Schottky  junction.  When a  metal  absorbs  infrared light,  photoexcited hot  carriers  can cross
the  Schottky  barrier  into  the  semiconductor,  generating  a  photocurrent.  This  process  enables  the  sensing  of  infrared
light with photon energy smaller than the semiconductor bandgap but larger than the Schottky barrierS8.

(iii)  Manufacturing  black  Si:  By  treating  the  Si  surface  with  laser  or  chemical  etching,  a  light-trapping  structure
known as black Si can be createdS9. Compared with regular Si, black silicon has greatly enhanced light absorption capab-
ility in the near-infrared range.

(iv)  Hyper-doping  Si:  Hyper-doping  involves  introducing  excess  impurity  atoms  into  SiS10,  promoting  the  sub-
bandgap absorption of Si and broadening its light absorption range.
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Fig. S8 | Infrared response speed of the photo-FinFET under different Vbg.

 

Vbg4>Vbg3>Vbg2>Vbg1

PbS

Vbg4

Vbg3

Vbg2

Vbg1

Vbg4

Vbg3

Vbg2

Vbg1

PbSSi Si SiSiO24

El
ec

tro
st

at
ic

 p
ot

en
tia

l (
eV

)

3

2

1

0
−0.5 0 1.00.5

Position (μm) Position (μm)
1.5 2.5 3.53.02.0 −0.6−0.7−0.8 −0.3−0.4−0.5 −0.2 −0.1 0

0.39

0.36

El
ec

tro
st

at
ic

 p
ot

en
tia

l (
eV

)

0.33

0.30

0.27

0.24

a b

Fig. S9 | Electrostatic potential in the photo-FinFET. (a) Simulated electrostatic potential distribution perpendicular to the Si channel inside the

photo-FinFET under various back gate voltages. (b) A magnified view from the gray area in (a). The values of Vbg1, Vbg2, Vbg3, and Vbg4 are 0 V,

1 V, 2 V, and 3 V, respectively. As Vbg increases, significant electrostatic potential changes occur in the buried oxide layer due to the accumula-

tion of equal numbers of electrons and holes in the top Si and bottom Si, respectively. In addition, the accumulated electrons in the top Si near

the buried oxide layer effectively shield the electric field from the back gate electrode. Therefore, the electrostatic potential of the PbS-Si junction

region exhibits negligible changes under varying Vbg.
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 Supplementary Note: Difference in responsivity under visible and infrared light
The photo-FinFET showcases higher responsivity under visible light (635 nm) than under infrared light (1550 nm and
2700 nm). This outcome can be attributed to the fact that both Si and PbS exhibit light absorption in the visible light
spectrum. In contrast,  under infrared illumination with photon energy below the bandgap of Si,  only PbS absorbs in-
frared light and generates free carriers.

Additionally, the  metal-Si  Schottky  junction  undergoes  shrinkage  after  Si  absorbs  visible  light.  This  process  re-
sembles the compression of the space charge region in a photodiode or solar cell,  which is caused by the open-circuit
voltage under illuminationS27. Consequently, upon visible light irradiation, alterations occur not only in the PbS-Si het-
erojunction but also in the metal-Si Schottky junctions on both sides of the Si channel. This leads to a reduction in con-

 
Table S2 | Performance summary of Si-based photodetectors.

 

Strategy Structure
Wavelengt

h
(nm)

Responsivit
y

(A/W)

Specific
detectivity

(cm·Hz1/2·W-1)

NEP
(W/Hz1/2)

Response
speed

Ref

Integrating infrared-absorbing
materials

Si: PbS CQDs 1540 0.264 1.47×1011
2.89×10−1

2

τrise = 2.04 μs
τfall = 5.34 μs

ref.S11

Si: PbS CQDs 1230 0.4 5×1010 - - ref.S12

PbS CQDs: Si 1300 1×104 1.8×1012 -
τrise = 10 μs
τfall = 10 μs

ref.S13

Si+GeSn 2000 0.093 - - - ref.S14

Utilizing the internal photoemission
effect

Gra+Si
(Optical cavity)

1550.5 0.02 5.1×107 3.5×10−10
12 GHz
(Theory)

ref.S15

Gra+Si
(Waveguide)

1550 0.085 - 1.1×10−12 - ref.S16

Gra-Si 2000 1.6×10−4
1.31×10−1

0
- ref.S17

Si+metal plasma 1375 1 1.63×108
9.23×10−1

2
- ref.S18

Manufacturing black Si

Black Si
1319 5.53×10−4 3.4×107 9.4×10−7

- ref.S19

1550 4.58×10−4 2.8×107 1.1×10−6

Black Si
1080 497 1.22×1014

-
τrise = 0.65 ms
τfall = 2.13 ms

ref.S20

1310 0.58 -

Black Si 1030 0.367 - -
τrise = 53 ms
τfall = 64 ms

ref.S21

Black Si 955 0.7 6.3×1013
τrise = 51 μs
τfall = 318 μs

ref.S22

Hyper-doping Si Te-Si
1200 0.002 1.1×109 9×10−9

4.2 kHz ref. S10

1550 3×10−4 3×107 2×10−8

Light absorption dominated by Si

Gra+SOI 532 1.4×104 1.61×1013 - 80 kHz ref. S1

MoS2+Si 808 0.3 1×1013 -
τrise = 3 μs
τfall = 40 μs

ref.S23

Gra+Si 488 0.225 7.69×109 9.2×10−13
τrise = 1.2 ms
τfall = 3 ms

ref.S24

Gra+Si
(Pt

nanoparticles)
532 26 7.5×1010 4.2×10−12 78 ns ref.S25

AgInTe2-Si 980 2.82 8.12×1011
2.46×10−1

3

τrise = 5.2 μs
τfall = 18.4 μs

ref.S26

Photo-driven fin field-effect transistor PbS-SOI

635 1961 1.8×1011 1.3×10−14
τrise = 180 μs
τfall = 640 μs

This work
1550 45.2 7.7×108 3.2×10−12

τrise = 150 μs
τfall = 490 μs

2700 5 1.1×108 2.3×10−11 -
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tact resistance, enhancing the efficiency of the electrode in collecting photocurrent. In contrast, infrared irradiation ex-
clusively affects the state of the PbS-Si heterojunction. Therefore, the photo-FinFET exhibits stronger responsivity un-
der visible light compared to infrared light.

 Supplementary Note: Infrared responsivity of the photo-FinFET
The discrepancy in the responsivity of the photo-FinFET under 2700 nm illumination compared to 1550 nm illumina-
tion  can  be  attributed  to  the  interplay  between  the  thickness  of  the  infrared  photosensitive  layer  and  the  penetration
depth of infrared light at different wavelengths. As the wavelength of light increases, the penetration depth of light into
semiconductor materials  deepens.  Generally,  without specialized optical  structures,  the penetration depth of 1550 nm
light is smaller than that of 2700 nm light. In the photo-FinFET, the PbS infrared photosensitive gate has a thickness of
approximately 500 nm (Fig. S10). While this limited thickness allows the PbS gate to effectively absorb 1550 nm light,
the PbS gate fails to fully utilize 2700 nm light. Therefore, the responsivity of the photo-FinFET is higher under 1550 nm
light than under 2700 nm light.

While  enhancing  light  absorption  at 2700 nm is  achievable  by  increasing  the  thickness  of  the  PbS  infrared  photo-
sensitive gate, it is crucial to note that a thicker photosensitive layer also extends the transport distance of infrared pho-
togenerated  carriers.  Throughout  this  transport  process,  the  unavoidable  recombination  of  photogenerated  carriers
poses a challenge to the infrared photodetection capability of the detectorS28,S29.

 Supplementary Note: Performance of the photo-FinFET at varying Vbg

Although a low Vbg results in low noise, which is appealing for achieving a low NEP, the responsivity also decreases with
the  reduction  of Vbg.  The  NEPs  of  the  photo-FinFET  at Vbg =  10  V  and  20  V  are  1.4×10–10 W·Hz–1/2 and  4.9×10–11

W·Hz–1/2 (@ λ = 2700 nm), respectively, and they are higher than the NEP of the photo-FET at Vbg = 30 V. This discrep-
ancy is attributed to the increased responsivity at high gate voltages.

  Section 10: Characterization of the PbS film
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  Section 11: Fabrication process of the photo-FinFET

 Supplementary Note: Metal-Si Schottky junction
In  the  photo-FinFET,  the  direct  contact  between  the  metal  electrode  and  Si  channel  forms  a  Schottky  junction.  The
Schottky junction increases the contact resistance between metal and Si, which affects the efficiency of the electrode in
collecting charges. Nevertheless, the metal-Si Schottky junction imposes negligible impact on the state of the PbS-Si het-
erojunction.

In specific, the electrode of the photo-FinFET features a layer of Cr between Au and Si (refer to the Method section

 

Fig. S11 | Scanning electron microscope (SEM) images of the PbS film. The square geometry presented by the PbS crystal is consistent with

its intrinsic cubic crystal structure. The PbS film is dense and continuous, completely covering the substrate.

 

i. SOI substrate cleaning

Top silicon
photoresist

SiO2

Bottom silicon

Top silicon
SiO2

Bottom silicon

Top silicon
photoresist

SiO2

Bottom silicon

Top silicon
SiO2

Bottom silicon

Top silicon
SiO2

Bottom silicon

Metal Metal

Top silicon

PMMA PMMA

SiO2

Bottom silicon

Top silicon
SiO2

Bottom silicon

PbS PbS

Metal Metal

Top silicon
SiO2

Bottom silicon

ii. Si stripe pattern lithography

iii. Si strip etching and photoresist
removal

iV. Electrode pattern lithography

V. Metal deposition and lift-off Vi. PbS pattern photograph
lithography

Vii. PbS chemical bath deposition Viii. PbS lift-off

Fig. S12 | Schematic diagram of the fabrication process of the photo-FinFET.

 
Table S3 | Parameters of the SOI substrate.

 

Layer Thickness (μm) Doping condition Resistivity (Ω·cm)

Top Si 0.35 n-type 1-10

Buried SiO2 1 - (insulation)

Bottom Si 500 n-type 1-10
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for  details).  The work function of  Cr is  approximately  4.6  eV.  The Si  channel  is  n-type doped,  exhibiting a  resistivity
within the range of 1–10 Ω·cm. Based on this resistivity, a rough estimation of the doping concentration (Nd) in the Si
channel  falls  between  4×1014 cm−3 and  6×1015 cm−3 S27.  Assuming  complete  ionization  of  all  dopants,  the  relationship
between the Fermi level (EF) and the free carrier concentration (n0) can be expressed by Eq. (S1): 

n0 = Ncexp
[
− (Ec − EF)

kBT

]
, (S1)

where Nc is the effective density of states in the conduction band (2.8×1019 cm–3 for Si), Ec is the conduction band, kB is
the Boltzmann constant, and T is the temperature. The difference between the Fermi level and the conduction band in
Si can be calculated as 0.29–0.22 eV.

According to the metal-semiconductor Schottky junction model, the Schottky barrier height (φSBH) can be calculated
by using Eq. (S2): 

φSBH = φm − χ , (S2)

where φm is the metal work function (4.6 eV for Cr) and χ is the semiconductor affinity (4.05 eV for Si). The calculated
φSBH is 0.55 eV.

Based on the Schottky barrier height, the built-in electric field (Vbi) of the Schottky junction can be obtained accord-
ing to Eq. (S3): 

Vbi =
φSBH − φn

q
, (S3)

where q is the element charge and φn is the difference between the Fermi level and the conduction band (that is Ec – EF).
Based on the previous results, Vbi can be calculated to be 0.26–0.33 V.

For a Schottky junction, the relationship between the depletion region width (Wdep) and Vbi in the semiconductor is
as follows: 

Wdep =

[
2ε0εSi (Vbi + VR)

qNd

]1/2

, (S4)

where, ε0 is the permittivity, εSi is the relative permittivity of Si (11.7), VR is the reverse bias voltage (0 V), and Nd is the
doping concentration. By exploiting Vbi, Wdep of the metal-Si Schottky junction can be obtained to be 0.92–0.27 μm.

Based on the preceding discussion, it can be seen that the width of the metal-Si depletion region does not extend into
the PbS-Si heterojunction region. The microscopic image of the photo-FinFET (Fig. S3) reveals that the electrode area is
approximately 5 μm away from the PbS region. Consequently,  in the photo-FinFET, the Schottky junction formed by
the metal electrode and Si channel primarily affects the efficiency of charge collection, without influencing the state of
the PbS-Si heterojunction.
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