ICPD: an SOI-based photodetector with high responsivity
and tunable response spectrum
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Abstract

A novel photodetector based on a silicon-on-insulator
(SOI) substrate is demonstrated experimentally in this
work. The device uses the interface coupling effect in an
SOI transistor structure to amplify the photocurrent, and
thus achieves extremely high responsivity up to 6x10*
A/W. The responsivity of the device under ultraviolet
(UV) light is much higher than that under visible and
near-infrared light, which implies potential application
in visible-blind UV detection. Furthermore, a MoS,
gate is combined with the SOI-based photodetector to
tune the response spectrum and shift it to the
near-infrared band. With high reponsivity and tunable
response spectrum, the ICPD device can find many
interesting applications.

1. Introduction

Silicon-on-insulator (SOI) devices have been attracting
interest from both research and industry communities
thanks to their unique characteristics compared to bulk
Si. They are not only widely used in conventional
integrated circuit (ICs) due to such advantages as
low-power and high-frequency operation, as well as
radiation hardness, but also as a flexible substrate for
novel device concepts [1, 2]. SOI is also a wonderful
substrate for optical waveguide and a variety of photonic
devices, and thus can be used in optical communication
and optical-based sensors [3, 4].

Photodetectors based on SOI substrates play a vital
role in electronic-photonic integrated circuits (EPICs) to
convert optical signals to the electrical domain. Due to
the low-power and radiation hardness nature of the SOI,
SOI-based photodetectors can also find application in
aerospace imaging systems. A challenge for SOI
photodetectors is the thin top Si channel. Due to the
requirement to suppress the short channel effects (SCEs)
in modern ICs, the top Si channel is typically less than
10 nm thick, leading to very poor quantum efficiency in
light absorption. Conventional p-i-n photodiodes built in
top Si layer of SOI show modest responsivity (down to
0.0075 A/W) [5]. In order to enhance the performance,

photodetectors with internal gain and much improved
responsivity ~ have  also  been  demonstrated.
Photodetectors based on gate-body tied MOSFET
structures achieve responsivity up to 1000A/W [6], while
a bipolar transistor built in a nanowire yielded a
responsivity of ~100A/W [7]. Alternatively, instead of
relying on absorption in the thin top Si layer, an
embedded p-n photodiode has been placed in the Si
substrate for photodetection in Ref.[8, 9].

Previously, we proposed a novel SOI-based
photodetector named interface-coupled photodetector
(ICPD) and reported comprehensive simulation results
and preliminary experimental data [10]. The ICPD uses
the interface coupling effect to amplify the photocurrent,
and achieves high responsivity. In this work, we study
the device operation as a function of illumination
wavelength L. The responsivity reaches 6x10* A/W at
A =300 nm, much higher than that in visible and
near-infrared regions. We also demonstrate a novel
variant of the ICPD: MoS, layer is transferred onto the
top Si channel and serves as the control gate. The
response of the device with an MoS, gate changes
dramatically, with the peak responsivity shifting to the
near-IR. The high responsivity and tunable response
spectrum of the ICPD are attractive features for
photodetection application.

2. Device structure and response spectrum

Figure 1 shows schematically the configuration and
operating principle of the ICPD. The device structure is
similar to a MOSFET, except for the gaps between the
gate and source/drain electrodes. As explained
previously [10], these underlaps are helpful to improve
the photoresponsivity. At negative backgate bias (Vpg<
0), a hole channel is formed at the bottom interface of
the Si film and conducts current between source and
drain. Under incident illumination, the photogenerated
electrons are attracted by the positively biased front gate
(Vi) and accumulate at the top interface of the film. The
accumulated electrons screen the electric field from the
front gate and thus reduce the coupling between the front
gate and the bottom hole channel, which results in higher
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hole current than for the device operated in the dark. In
other words, the threshold voltage of the back channel is
lowered by illumination. The mechanism of operation is
similar to the MSD effect in SOI transistors where the
front channel was formed by band-to-band tunneling
rather than by illumination [11]. Note that
photogenerated electrons do not contribute to the
photocurrent, but rather change the coupling to the back
hole channel, which provides internal gain.

‘lf V= 0V ‘L
Gate oxide
l Drain

©0 o™y

A
0000000000

Gate

Source

BOX

\'i BG < O\f
Fig. 1 Schematic illustration of the operating principle of
the ICPD.

The device was fabricated in a fully
CMOS-compatible process. The SOI substrate used for
fabrication has a 200 nm top Si layer, 500 nm buried
oxide (BOX) and a lightly p-doped (10" cm™) substrate.
The isolation of the device is achieved by
photolithography followed by wet etching in TMAH.
Then, 150nm thick aluminum (Al) is deposited at the
source/drain metallization and 30 nm ALD-deposited
AlL)O5 is used as the gate oxide. The gate electrode is
formed by e-beam lithography and deposition of 150 nm
Al. The device is eventually annealed at 500 °C. The
top-down scanning electron microscope (SEM) image of
the fabricated device is shown in Fig. 2. The channel
length (gap between the source and drain) and width are
both 10 pum. The gate placed at the middle of the channel
is 1 um long, see Fig. 2.

The device is measured under various front and back
gate voltages. Figure 3(a) shows the Ip-Vpg
characteristics at a fixed Vp =-1 V and Vg ranging from
-1 Vto 2 V with a step of 1 V. The device functions as a
p-type FET, due to the formation of p-doped S/D regions
via Al diffusion, as already explained in our previous
report [10]. As Vg increases from -1 V to 2 V, the
threshold voltage (V) of the back channel shifts
dramatically and becomes more negative, see Fig. 3.
This indicates a strong coupling between the front gate
and the bottom interface, which is essential for
amplification of the photocurrent in the ICPD.
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Fig. 2 Top-down SEM image of the fabricated device.

The device was then measured under various
illumination conditions. Figure 3(b) compares the Ip-Vpg
curves of the device in the dark and under A = 520 nm
illumination at 100 pW/cm® intensity (produced by
wavelength-tunable monochromatic source). Under
illumination, the Vy, is less negative and drain current of
the device is increased significantly, see Fig. 3(b).
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Fig. 3 (a) Ip-Vpg characteristics of the device as a
function of Vg. (b) Shift of Vy, under illumination and
device responsivity.
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The responsivity is defined as the change in the drain
current due to illumination divided by the light power
received by device. The relation between responsivity
and Vpg is shown in Fig. 3(b), with a peak of 2.4x10"
A/W at Vpg=-12V.

The response spectrum is obtained by extracting the
responsivity of the device as a function of Ain the
300-1000 nm range, see Fig. 4. As the device operates in
subthreshold region under Vg = -8 V, the responsivity
increases by more than 3 decades as A is reduced from
1000 to 300 nm. A similar trend is observed for
operation in moderate inversion under Vgg = -12 V. The
responsivity reaches around 6x10* A/W at A = 300 nm.
The UV-sensitive spectrum is due to thin top Si layer
which absorbs light more efficiently at shorter
wavelengths. This feature could be attractive for flame
detection, missile warning and UV communications [12,
13]. The thickness of the top Si layer can be further
reduced in order to achieve better blindness to visible
light.
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Fig. 4 Responsivity spectrum of the ICPD under Vgg= -8
and -12 V. The responsivity is plotted in both linear and
logarithm scales.

3. ICPD with MoS, gate

In applications such as optical communication and image
sensing, high responsivity in visible and near-IR bands is
required. Here, at L = 700-1000 nm, both conventional
SOI photodetectors and the ICPD have relatively low
performance (see Fig. 4 for the ICPD results). In order to
shift the sensitivity range and produce an ICPD with
high responsivity in the visible and near-IR, we propose
a novel device architecture using an MoS, gate.
Two-dimensional semiconductor materials, such as
molybdenum disulfide (MoS,), have been attracting wide
research  interest especially for photodetection
applications. Photodetectors with MoS, show high
responsivity especially in visible and near-infrared
regions [14, 15].

With the MoS, gate deposited directly on top of the Si
film, our device operates in the JFET mode, see the
top-down image in Fig. 5 [16]. The MoS; layer is around
45 nm thick, confirmed by the atomic force microscope
(AFM). The MoS, can efficiently absorb the incident

light, which is further amplified by the source-drain
channel built in SOI.
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Fig. 5 Top-down imagé of the ICPD with MoS, gate
under microscope.

Device characteristics under various gate biases and
illumination conditions at fixed Vp = -1V are shown in
Fig. 6. The comparison of dark current between Vg = -1
and +1V in Fig. 6 shows that the Ip-Vpg characteristics
are strongly shifted, compared to the metal-gated devices
in Fig. 3(a). The MoS, gate exerts effective control over
the channel. Under illumination at A = 750 nm with 500
uW/cm? intensity, the Vy, of the back channel increases
(becomes less negative) under Vg = 1V. On the other
hand, a negatively biased front gate is not able to
accumulate photoelectrons and thus no apparent shift of
Vi, is observed in Fig. 6. The responsivity exhibits a
similar trend to the conventional ICPD with a peak close
to 4000 A/W at Vgg = -9 V. The peak responsivity is
somewhat lower than in the conventional ICPD of Fig. 3,
probably due to the short lifetime in MoS, causing lower
internal gain.

The device with the MoS, gate was then measured
under illumination with various wavelengths. Figure 7
shows the response spectra of the device operating in
both linear and subthreshold regions under Vg = -9 and
-5 V respectively. Unlike the conventional ICPD, which
has high responsivity in the UV band, the MoS,-gated
device shows high responsivity in near-IR band with a
peak at 750 nm. This response spectrum is attributed to
the excellent light absorption by the MoS, gate.
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Fig. 6 Ip-Vpg characteristics and responsivity of the
MoS;-gated device for Vg= -1 and 1 V, in the dark and

under illumination.
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Fig. 7 Response spectra of the MoS,-gated ICPD at
VBG: -Sand -9 V.

Compared to photodetectors based on pure MoS,, the
ICPD with MoS,/SOI heterostructure combines the
advantages of both MoS, absorption and Si channel
characteristics. The MoS, gate absorbs long-wavelength
light more efficiently than Si, while the Si channel has
higher mobility and better contact formation than MoS,.
This provides both high quantum efficiency and high
internal gain, and leads to promising responsivity,
especially under long wavelength illumination.

4. Summary

The ICPD wuses interface coupling to amplify the
photocurrent and achieves high responsivity of up to
6x10* A/W at & = 300 nm. The response spectrum of the
conventional ICPD exhibits high sensitivity in the UV
and can be potentially used for visible-blind UV
detection. For near-IR operation, an MoS,-gated variant
of the ICPD has also been demonstrated. The use of an
MoS, gate is helpful for the absorption of
long-wavelength light and thus shows enhanced
responsivity in the near-IR region. Combining ICPDs
with and without the MoS, gate, a tunable response
spectrum can be achieved, which is very attractive for
multi-band photodetection.

Acknowledgments
The work at Fudan University is sponsored by Natural
Science Foundation of Shanghai (17ZR1446700).

References

1. S. Narasimha, P. Chang, C. Ortolland, D. Fried, E.
Engbrecht, K. Nummy, P. Parries, T. Ando, M. Aquilino
and N. Arnold. 22nm High-performance SOI technology
featuring dual-embedded stressors, Epi-Plate High-K
deep-trench embedded DRAM and self-aligned Via 15LM
BEOL. in IEEE International Electron Devices Meeting
(IEDM). 2012,p.3.3. 1-3.3. 4.

2. J. Wan, C. Le Royer, A. Zaslavsky and S. Cristoloveanu, 4
compact capacitor-less high-speed DRAM using field
effect-controlled charge regeneration. 1EEE Electron
Device Letters, 2012. 33(2): p. 179-181.

3. C. Sun, M. Wade, M. Georgas, S. Lin, L. Alloatti, B. Moss,
R. Kumar, A. Atabaki, F. Pavanello and R. Ram. 4 45nm
SOI  monolithic  photonics  chip-to-chip  link  with

10.

11.

12.

13.

14.

15.

16.

bit-statistics-based resonant microring thermal tuning. in
VLSI Circuits. 2015,p. C122-C123.

C. Reimer, M. Nedeljkovic, D.J.M. Stothard, G.Z.
Mashanovich and T.F. Krauss, Mid-infrared photonic
crystal waveguides in SOIL Optics Express, 2012. 20(28): p.
29361.

G. Li, K. Maekita, H. Mitsuno, T. Maruyama and K.
liyama, Over 10 GHz lateral silicon photodetector
fabricated  on  silicon-on-insulator  substrate by
CMOS-compatible process. Jpn.j.appl.phys, 2015. 54(4S):
p. 04DGO6.

W. Zhang, M. Chan and PK. Ko, Performance of the
floating gate/body tied NMOSFET photodetector on SOI
substrate. IEEE Transactions on Electron Devices, 2000.
47(7): p. 1375-1384.

S.L. Tan, X. Zhao, K. Chen, K.B. Crozier and Y. Dan,
High-performance silicon nanowire bipolar
phototransistors. Applied Physics Letters, 2016. 109(3): p.
352-356.

L. Grenouillet, B. De Salvo, L. Brunet, J. Coignus, C.
Tabone, J. Mazurier, C. Le Royer, P. Grosse, M. Jaud, P.
Rivallin, Z. Chalupa, O. Rozeau, O. Faynot and M. Vinet.
Smart co-integration of light sensitive layers with FDSOI
transistors for More than Moore applications. in
Soi-3d-Subthreshold Microelectronics Technology Unified
Conference (S3S).2014,p. 1-2.

L. Kadura, L. Grenouillet, T. Bedecarrats, O. Rozeau, N.
Rambal, P. Scheiblin, C. Tabone, D. Blachier, O. Faynot
and A. Chelnokov. Extending the functionality of FDSOI N-
and P-FETs to light sensing. in IEEE International
Electron Devices Meeting (IEDM). 2016.

J. Deng, J. Shao, B. Lu, Y. Chen, A. Zaslavsky, S.
Cristoloveanu, M. Bawedin and J. Wan, Inferface coupled
photodetector (ICPD) with high photoresponsivity based
on silicon-on-insulator substrate (SOI). IEEE Journal of
the Electron Devices Society, 2018. PP(6(1)): p. 557-564.
M. Bawedin, S. Cristoloveanu, J.G. Yun and D. Flandre, 4
new memory effect (MSD) in fully depleted SOI MOSFETS.
Solid State Electronics, 2005. 49(9): p. 1547-1555.

P. Schreiber and P. Gehred, Solar-blind UV region and UV
detector development objectives. Proceedings of SPIE -
The International Society for Optical Engineering, 1999.
3629: p. 230-248.

Y. Liu, L.X. Pang, J. Liang, M.K. Cheng, J.J. Liang, J.S.
Chen, Y.H. Lai and LK. Sou, 4 compact solid-state UV
flame sensing system based on wide-gap II-VI thin film
materials. IEEE Transactions on Industrial Electronics,
2017. PP(99): p. 1-1.

H.S. Lee, S.S. Baik, K. Lee, S.-W. Min, P.J. Jeon, J.S. Kim,
K. Choi, H.J. Choi, JJH. Kim and S. Im, Metal
Semiconductor Field-Effect Transistor with
MoS2/Conducting NiOx van der Waals Schottky Interface
for Intrinsic High Mobility and Photoswitching Speed.
ACS Nano, 2015. 9(8): p. 8312-8320.

Z. Lou, L. Zeng, Y. Wang, D. Wu, T. Xu, Z. Shi, Y. Tian, X.
Li and YH. Tsang, High-performance MoS2/Si
heterojunction  broadband photodetectors from deep
ultraviolet to near infrared. Optics Letters, 2017. 42(17): p.
3335-3338.

J. Deng, Z. Guo, Y. Zhang, X. Cao, Y. Sheng, H. Xu, W.
Bao and J. Wan, MoS2/silicon-on-insulator Heterojunction
Phototransistor with High Responsivity and Gate-tunable
Response Spectrum. Nano letters, (submitted), 2018.

Authorized licensed use limited to: Brown University. Downloaded on March 29,2024 at 20:42:24 UTC from IEEE Xplore. Restrictions apply.



