CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

High performance infrared detectors compatible with CMOS-circuit process

Chao Wang(E i), Ning Li(Z=7*), Ning Dai(#,T*), Wang-Zhou Shi(47 HE#F), Gu-Jin Hu(i5 & 4>), He Zhu (2<%
Citation:Chin. Phys. B, 2021, 30 (5): 050702.  DOI: 10.1088/1674-1056/abd6fb
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Investigation of copper sulfate pentahydrate dehydration by terahertz time-domain

spectroscopy

Yuan-Yuan Ma(h#E#%), Hao-Chong Huang(iH 5 Hl), Si-Bo Hao(/fEL1#), Wei-Chong Tang(izf##1"), Zhi-Yuan
Zheng(#iEizt), Zi-Li Zhang(7K H 77)
Chin. Phys. B, 2019, 28 (6): 060702. DOI: 10.1088/1674-1056/28/6/060702

4.3 THz quantum-well photodetectors with high detection sensitivity

Zhenzhen Zhang(7k 5. K), Zhanglong Fu(# 7K ), Xuguang Guo(%E L)), Juncheng Cao( & 12 1)
Chin. Phys. B, 2018, 27 (3): 030701. DOI: 10.1088/1674-1056/27/3/030701

Experimental research on spectrum and imaging of continuous-wave terahertz radiation

based on interferometry

Tie-Lin Lu(f58k4K), Hui Yuan(Z Z), Ling-Qin Kong(fL 2 %E), Yue-Jin Zhao(iX K i3), Liang-Liang Zhang(iK524%),
Cun-Lin Zhang(TKAE4K)
Chin. Phys. B, 2016, 25 (8): 080702. DOI: 10.1088/1674-1056/25/8/080702

Spectroscopic measurements and terahertz imaging of the cornea using a rapid

scanning terahertz time domain spectrometer

Wen-Quan Liu(Xl| 3 4X), Yuan-Fu Lu(&Z H), Guo-Hua Jiao(£E [E #£), Xian-Feng Chen([4:[: %), Zhi-Sheng Zhou(J&
LX), Rong-Bin She(£x%it), Jin-Ying Li(ZE4: %), Si-Hai Chen([% VU#E), Yu-Ming Dong (& £ B), Jian-Cheng Li(2
)

Chin. Phys. B, 2016, 25 (6): 060702. DOI: 10.1088/1674-1056/25/6/060702

Theoretical models for designing a 220-GHz folded waveguide backward wave oscillator

Cai Jin-Chi, Hu Lin-Lin, Ma Guo-Wu, Chen Hong-Bin, Jin Xiao, Chen Huai-Bi
Chin. Phys. B, 2015, 24 (6): 060701. DOI: 10.1088/1674-1056/24/6/060701


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd6fb
https://doi.org/10.1088/1674-1056/abd6fb
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/6/060702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/6/060702
https://doi.org/10.1088/1674-1056/28/6/060702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/3/030701
https://doi.org/10.1088/1674-1056/27/3/030701
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/8/080702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/8/080702
https://doi.org/10.1088/1674-1056/25/8/080702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/6/060702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/6/060702
https://doi.org/10.1088/1674-1056/25/6/060702
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/6/060701
https://doi.org/10.1088/1674-1056/24/6/060701

Chin. Phys. B Vol. 30, No. 5 (2021) 050702

High performance infrared detectors compatible with
CMOS-circuit process*

Chao Wang(‘E#)!?, Ning Li(%5)!, Ning Dai(#79)"34",
Wang-Zhou Shi(f1FE#$)°, Gu-Jin Hu(##4)%*, and He Zhu(%4%%)°

1Statc Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3College of Physics and Optoelectronic Engineering, Hangzhou Institute for Advanced Study,
University of Chinese Academy of Sciences, Hangzhou 310024, China

4Jiangsu Collaborative Innovation Center of Photovolatic Science and Engineering, Changzhou 213164, China

5Department of Physics, College of Mathematics and Science, Shanghai Normal University, Shanghai 200234, China

6Hzmgzhou Dianzi University, Hangzhou 310018, China

(Received 10 August 2020; revised manuscript received 18 December 2020; accepted manuscript online 28 December 2020)

A type of Si-based blocked impurity band photoelectric detector with a planar architecture is designed and demon-
strated by a modified silicon semiconductor processing technique. In this route, multiple ion implantation is utilized to
ensure the uniform distribution of the P elements in silicon, and rapid thermal annealing treatment is used to activate the P
atoms and reduce damages caused by ion-implantation. The fabricated prototype device exhibits an excellent photoelectric
response performance. With a direct current (DC) bias voltage of —2.3 V, the device detectivity to blackbody irradiation
is as high as 5x 10'3¢m-Hz!/2/W, which corresponds to a device responsivity of nearly 4.6 A/W, showing their potential
applications in infrared detection, infrared astrophysics, and extraterrestrial life science. In particular, the developed device
preparation process is compatible with that for the CMOS-circuit, which greatly reduces the manufacturing cost.
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1. Introduction

Electromagnetic waves in a wavelength range of ~ 1 um—
300 um are widely used in infrared imaging, security in-
spection, earth observation, infrared astrophysics, extraterres-
trial life science, and other fields.['™5! A variety of detection
technologies have been developed in order to meet various
demands.®-®! Generally speaking, infrared and terahertz de-
tectors working in this frequency range can be divided into
photoelectric devices and thermoelectric devices according to
their working principles. !

The response speeds of the photoelectric devices are very
fast, specifically, in a nanosecond range, while those of the
thermoelectric devices are very slow, in a millisecond range.
In the processing technology, photoelectric-based detectors
are relatively complex due to the requirements for special ma-
terials and device structures.

Recent years, the so-called photoconductive blocked im-
purity band (BIB) infrared detectors have attracted much at-
tention again due to their outstanding merits such as low
dark currents, large photoconductivity gains, high resistance
¢.19-131 Petroff and Michael first proposed

and demonstrated this type of device and established the ba-
[14]

to irradiation, et

sic model of responsivity and noise of the BIB detector.

DOI: 10.1088/1674-1056/abd6fb

For the silicon-based BIB device, the photoelectric response
wavelength is mainly determined by the ionization energy
of the doped atoms in the active layer. By introducing
different impurities, peak wavelength can be tuned from

2.3 um to 31 pm.H01L13]

Most of the existing silicon-
based BIB photoelectric detectors are fabricated by molecu-
lar beam epitaxy and standard Si process, which are expensive
in cost.[> 10111315201 Ton_implantation is a relatively-simple,
highly-efficient, and cheap semiconductor-processing technol-
ogy. It was first used to fabricate BIB detectors by Beeman et
al. in 2007.12!1 Tlluminated by their ideas, we investigate a
kind of planar configuration of Si-based photoconductive BIB
detectors that are fabricated by using a modified Si-based pro-
cess. With a DC bias voltage of —2.3 V the normalized peak
detectivity (D*) is as high as 4.9x10'3 cm-Hz!'/2/W, and the
responsivity is nearly 4.58 A/W. Both parameters are compa-
rable to or even superior to the corresponding results reported

3,10-12,16,19.21] Very importantly, the manufac-

in the literature.!
turing method used for the present Si:P BIB detectors is almost
compatible with that for the CMOS-circuit, thus significantly

reducing the fabrication cost.
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2. Experimental procedure

The device structure used here is similar to that described
in Refs. [10-12,16]. Figure 1 shows the schematic diagram
of device structure and the process flow chart of a Si:P pho-
toconductive BIB detector. As shown in Fig. 1, the detector
consists of two Al contact regions, a P-doped Si absorbing
layer, an intrinsic Si blocking layer, and a passivation layer.
The high-purity Si wafer, grown by the floating zone method,
has a resistivity of 10* Q-cm. The two contact regions, respec-
tively, with a P-atom density of 10°° cm— and 5x10'7 cm™3
were achieved by P-ion implantation. In the direction of pho-
tocurrent transport, the widths of blocking layer and absorbing
layer are 3 um and 50 pum, respectively. The area of the pho-
tosensitive region is 50 umx 1000 wm. To ensure the uniform
distribution of the P elements, multiple ion implantations were
performed. The rapid thermal annealing at 950 °C for 90 s was
implemented to activate the P atoms and reduce the damage
caused by ion-implantation. A layer of SiN, passivating film
with a thickness of 200 nm was deposited on a Si wafer surface
by plasma-enhanced chemical vapor deposition. Owing to its
compactness better than that of SiO,, SiN, is more effective
for the passivation of Si surface. In addition, SiN, shows bet-
ter performance in preventing atmospheric moisture from per-
meating into the device. Finally, a 600-nm-thick Al layer was
prepared by using the electron beam evaporation, followed by
reactive ion etching and lithographic patterning. A 30-min an-
nealing treatment at 450 °C was conducted for the deposited
Al films to form Ohmic contact with the heavily-doped Si ma-
trices.
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Fig. 1. Schematic diagram of device structure and process flow chart of BIB
detector.

The packaged detectors were mounted into a closed cycle
cryogenic dewar equipped with a temperature controller. The
photocurrent spectra were measured by a Nicolet 6700 Fourier
transform infrared spectrometer, and the current—voltage (I-V)

characteristic curves were recorded via a Kethily 236 semicon-
ductor parameter analyzer. The blackbody response measure-
ment system includes an 800-K blackbody source, a low-noise
current amplifier (Stanford Research SR570), and a lock-in
amplifier (Stanford Research SR830). The blackbody signal
was chopped at a frequency of 277 Hz. Unless otherwise
stated, all the photoelectric response measurements were per-
formed at 5 K, and the infrared radiation was along the surface

normal to the Si wafer.

3. Results and discussion

In a photoconductive BIB detector, the absorbing layer
absorbs photons with very low energy, generating electron
hole pairs. The electrons and holes are separated by using
an applied voltage to drive photocurrent. The blocking layer
is used to block the dark current. The performance of a BIB
detector is mainly limited by its dark current (leakage current).
The lower the leakage current, the higher the device detectiv-
ity is. Figure 2 displays the typical I-V characteristic curves of
an ion-implanted Si:P BIB detector at several temperatures. It
can be seen that the leakage current increases with temperature
increasing. The reason is that with temperature increasing,
more impurity states with shallow energy levels in Si material
are thermally excited and release more electrons to conduc-
tive band, giving rise to a larger dark current at the same DC
bias voltage. At 5 K, the I-V curve of the Si:P BIB detec-
tor shows a steep on-off character and the dark current is less
than 0.05 nA in a bias voltage range from —2.3 V to 2.3 V,
revealing an important role of the blocking layer in inhibiting
dark current. The breakdown voltage of the detector is about
+2.4 V. Since a P atom has five valance electrons and acts as a
donor in Si, the fabricated Si:P BIB detectors are all of n-type.
For a BIB detector, the background impurity concentration Ng
in the blocking layer is an important parameter determining
the width of the depletion region and the tunneling current.
Generally, the resistivity of the epitaxial Si blocking layer is
about 10 Q-cm, corresponding to a doping concentration of
10 atom/cm3.!'7] However, here in this work, the resistiv-
ity of the FZ-Si blocking layer reaches 20000 Q-cm at room

3 much

temperature, Ny in the blocking layer is ~ 10'> cm™
lower than that in the epitaxial Si blocking layer and activat-
ing Si layer, resulting in a wider depletion region. On the other
hand, in the blocking layer the average distance between two
adjacent donor impurities is larger than 50 nm, the ionized
TP cannot move freely and the impurity bands are interrupted.
Thus, the detector leakage current is effectively reduced by
the blocking layer. Additionally, according to semiconductor
physics, a PN junction is termed electrical breakdown when
the leakage current abruptly increase to one thousand times of
its initial current value at a given reverse bias voltage. This
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voltage is called breakdown voltage. The breakdown mech-
anism of a PN junction generally includes avalanche break-
down, Zener breakdown, and thermal breakdown. Because
the thickness of the blocking layer is about 3 pwm, the width
of the potential barrier in the depletion region is on the order
of micrometer. Herein the breakdown of the Si:P BIB detector
should be triggered by the avalanche breakdown.
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Fig. 2. Typical I-V characteristic curves of ion-implanted Si:P BIB detector
at various temperatures.
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Fig. 3. Variation of detector responsivity with bias voltage at 5 K.

Figure 3 shows the responsivity for one of our Si:P BIB
devices. The detector responsivity is measured by an 800-
K blackbody source chopped at a frequency of 277 Hz. It
can be found that the response photocurrent of the device in-
creases slowly with the bias decreasing from 2.0 V to —2.0 V.

When the DC bias changes gradually from 2.0 V to the thresh-
old voltage of —2.4 V, the responsivity increases quickly and
reaches a value of 4.58 A/W at —2.3 V. At 5 K, the dark current
of the detector is on the order of pA in a range of —2.0 V to
—2.3 'V, so that the measured blackbody responsivity is dom-
inantly contributed by photocurrent, indicating that the fab-
ricated device has a very high photoelectric conversion effi-
ciency.

The D* is an essential physical quantity characterizing the
performance of a photoelectric detector, and expressed as!??!

D* = (R/\/2qlaanAf) /AdAS, (1

where R is the responsivity, Ig, is the dark current, Aq is the
area of the photosensitive element, ¢ is the electron charge,
and Af is the frequency band width of the current amplifier.
Figure 4 shows the calculated D* as a function of DC bias
voltage for the Si:P BIB detector. The obtained D* value is as
high as 4.9 x 10'3 cm-Hz'/2/W at a bias voltage of —2.3 V,
higher than those reported in Refs. [12,13,16,19]. We believe
that both a small leakage current ~ 0.01 nA and a large re-
sponsivity ~ 4.58 A/W at 5 K and —2.3 V bias are responsible
for the high detectivity D*. For comparing, Table 1 lists the
performance parameters of several kinds of BIB detectors.

1014
7
=
5 101}
T
g
L
Z 1012}
S
&
&)
(]
g
a
11 \ \ \
10 -2 —1 0
Bias (V)

Fig. 4. Detectivity D* versus DC bias voltage of Si:P BIB detector at 5 K.

Table 1. Performance parameters of BIB detectors made by different methods.

BIB detectors Responsivity (mA/W)  Detectivity (Hzl/ 2/lW) D* (cm-Hzl/ 2/W) Specification
Epitaxial Si:As, Ref. [5] 13 6.7x10'%
Ton-implanted Ge:S, Ref. [10] 400 9.7x 1010 T=4K, Z,p ~ 6 um
Ton-implanted Ge:B, Ref. [21] 120 1.9x10™ T =6K, A, ~ 90 um
Epitaxial Si:As, Ref. [22] 2x103 1013
Ton-implanted Si:P, Ref. [23] 40x10° 5x10'2 T=4K
Ion-implanted Si:P, present work 46x10° 2.4x10 5%1013 T = 5K, Tjackbody = 800 K, A, =27.3 pm

In order to analyze the energy state of P impurities in
the devices, photocurrent response in a mid-infrared-to-far-
infrared range were measured by using the Nicolet 6700
Fourier transform infrared spectrometer with a solid substrate

beam splitter and internal globar illumination. Figure 5 shows

photocurrent response as a function of wavelength of the Si:P
BIB detector biased at —1 V. The response wavelength range
of the device covers 2.5 um-35 pm. The abrupt photocurrent
decrease at ~ 16 um is due to the absorption of the transverse

optical phonons and transverse acoustic phonons in silicon,
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while the response peat at ~ 31 pum originates from the transi-

tion of P atoms from 18 state to 2P state.[!°]
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Fig. 5. Spectral response versus wavelength of Si:P BIB detector biased at
—1Vat5K.

The wavelength at the maximum photocurrent response,
the peak responsivity, the full width at half maximum of the
peak, and the cutoff wavelength toward the long-wavelength
are ~ 27.3 um, 80.1 A/W, 17.6 um, and 29.5 um, respec-
tively. The photocurrent response of the Si:P BIB detectors in
the wavelength range of 2.5 pum—35 wm stems from the P atom
electron transition caused by the irradiation excitation.[!%-?3!

4. Summary

In summary, based on multiple ion-implantation and
rapid thermal annealing treatment, a modified process is devel-
oped to fabricate high performance Si-based blocked impurity
band detectors, and a significant reduction in production cost is
realized due to a high compatibility of this process technology
with CMOS-circuit. Compared with previously reported de-
tectors, the fabricated photoconductive devices display com-
parable or even better to photoelectric response characteris-
tics. At 5 K and a DC bias voltage of —2.3 'V, the responsivity
and the detectivity of our best detector to the 800-K black-
body radiation are over 4.0 A/W and 4.5x10'3 cm-Hz'/2/W,
which bring light to their potential applications of infrared as-
trophysics, infrared detection, and extraterrestrial life science.
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