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Silicon photonics has become the preferred candidate for
technologies applicable to multifarious fields. However,
the applications are strictly limited by the intrinsic in-band
photo effect of silicon. Herein, near-infrared photode-
tectors that break through the silicon bandgap by Er/O
hyperdoping are fabricated, potentially extending their
applications into telecommunications, low-light-level night
vision, medical treatment, and others. Er/O-hyperdoped
silicon was achieved as an infrared light absorption layer
through ion implantation. The lattice damage caused by
ion implantation was repaired by a deep cooling process in
which high-temperature samples were cooled by helium
flushing cooled by liquid nitrogen. Traditional junction and
metallization processes were performed to form a photo-
diode. We demonstrate that the device has a spectral range
up to the wavelength of 1568 nm, a maximum responsivity
of 165 pA/W at 1310 nm, and 3 dB cutoff bandwidth up to
3 kHz. Finally, temperature-dependent optical-electrical
characteristics were measured to demonstrate the acti-
vation mechanism of Er/O in silicon. This Letter proves
silicon’s potential in realizing extended infrared detection
at room temperature, and it provides a possible way to
fabricate infrared optoelectronics and signal processing
integrated chips on a CMOS (complementary metal-
oxide-semiconductor) platform. © 2021 Optical Society of
America

https://doi.org/10.1364/0L.441553

For many years, infrared detection systems required a high oper-
ating temperature, a mature material growth technology, and
a low-price fabrication process [1,2]. The commercial detec-
tors based on InGaAs, InSb, and HgCdTe [3-9] can meet the
requirements for high performance. However, they can hardly
be integrated on silicon chips. Compared with these materials,
silicon-based photodetectors can easily satisfy the requirements
of cost-effective, environmentally friendly applications and
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are compatible with on-chip Complementary-Metal-Oxide-
Semiconductor (CMOS) photonic systems [10]. The challenge
for silicon-based photodetectors is the silicon bandgap (about
1.12 eV), which strictly limits its applications in the near-
infrared range (over ~1100 nm). Therefore, broadening the
detection wavelength range and improving the extrinsic quan-
tum efficiency of Si-based photodetectors in the near-infrared
range through the bandgap have become significant tasks and
aroused the interest of researchers. Extrinsic silicon-based
infrared detectors, through doping with Group IIT and Group V
impurities [11-13], have been fabricated and applied to many
famous astronomical telescopes because of its capacity for mid-
or far-infrared detection. However, the detectors can only work
at temperatures below 40 K because shallow impurity levels
will thermally ionize at high temperatures. The advantages of
silicon-based photodetectors are drastically reduced.

In recent years, hyperdoped silicon has garnered much
attention due to its prospective room temperature operating
ability in the extending infrared range [14-18]. Hyperdoped
silicon, using deep level dopants (with higher thermal ionization
energy), will form plentiful impurity state densities to enhance
photodetection in the near-infrared range [19-22]. Erbium is
one of the rare earth elements that has many remarkable char-
acteristics. Erbium-doped silicon can transfer energy between
semiconductor electronic systems and the internal 4 f state of
Er ions [23]. It is worth noting that Erbium-doped silicon can
induce luminescence, for which photoluminescence (PL) and
electroluminescence at room temperature have been reported
[24-26]. However, there is little research on the near-infrared
photoelectronic response of Er-hyperdoped Si.

In this Letter, we report the realization of hyperdoped Si with
an Er/O concentration up to 10! cm™ using an ion implanta-
tion and deep cooling annealing process. The Er/O co-doped
Si PN photodiode can have a spectral range of up to 1568 nm
at room temperature and a responsivity of up to 165 pA/W at
1310 nm. This work indicates the potential of Er-doped silicon
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in infrared detection at room temperature and lays a foundation
for chips integrated with infrared photodetectors, LEDs, and
even signal processing circuits under variable circumstances.

After surface cleaning the Si wafers, ion implantation of
erbium, oxygen, and boron was completed by a high-energy
ion implanter. In this way, a vertical PN junction is formed with
the shallower 7-type Er/O layer and the deeper p-type B layer.
Deep cooling of the silicon sample was finished in an upgraded
dilatometer. The samples were heated to 950°C for 5 min, fol-
lowed by flushing the samples with high-purity helium cooled
by liquid nitrogen. The sample was cooled to room temperature
in less than 5 s through this progress. After the deep cooling
treatment, the erbium, the oxygen, and the boron ions can be
simultaneously activated. Then, a pair of coaxial electrodes were
prepared for the PN junction.

Figure 1(a) shows the schematic diagram of the Si: Er/O
photodetector. The detector has a vertical PN junction with
the Er/O-doped Si as the n-type region and the B-doped Si as
the p-type region. The PN junction diode is in contact with
Cr/Au (10/100 nm) electrodes that were thermally evaporated.
Figure 1(b) shows the room temperature current versus voltage
(I-V) characteristics of the Si: Er/O devices in the dark and
under light illumination. Surprisingly, the diode shows a large
current when the PN junction is reverse biased [V, > 0 in
Fig. 1(b)]. In comparison with the forward bias (V, < 0), the
reverse-biased PN junction exhibits a much larger photocur-
rent at a level of microampere even under the illumination of
sub-bandgap photons (A =1310 nm and 1550 nm). This is
likely because the depletion region under reverse bias (V, > 0)
will extend more into the 7-type Er/O-Si, which is sensitive to
sub-bandgap photons. As shown in the inset of Fig. 1(b), the
device exhibits a positive open-circuit voltage, indicating that a
rectifying diode indeed exists in the device.

Temperature-dependent dark (black) and photo (red) IV
characteristics were investigated as shown in Fig. 1(c). At a fixed
bias of V;, =2V, the dark current and photocurrent, as a func-
tion of temperature, is presented in the Arrhenius plot, as shown
in Fig. 1(d). The dark current exponentially decreases as 1000/T
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Fig. 1. (a) Schematic diagram of the three-dimensional structure
and longitudinal section of the device. (b) I-V curves of PN junction
in the dark (black curve) and under irradiation (the blue curve is
1310 nm, and the red curve is 1550 nm) at 300 K. The inset shows the
open-circuit voltage. (c) Temperature-dependent I-V curves in the
dark and under 1310 nm laser irradiation. (d) Arrhenius plot of the
device under dark and illumination conditions. (A = 1550 nm).
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linearly increases (temperature drop). For a PN junction diode,
the dark current comes from the thermal generation via defects
in the bandgap following Eq. (1):

E,—E,
]dark:qudepcp]vtjvv exp (—) ’ (1)
kT

where ¢ is the unit charge, Wy, is the width of the depletion
region, C, is the hole capture cross-section, NV, is the concen-
tration of defects, /V, is the carrier concentration related to the
valenceband, £, is the valence band edge, E, is the defect energy
level, £ is the Boltzmann constant, and 7 is the temperature.
According to Eq. (1), the dark current is dominated by the expo-
nential term and therefore potentially dependent on 1/ 7, from
which we can extract £, — E, = 0.3 eV. When the tempera-
ture 7" decreases, the exponential term will become negligibly
smaller in comparison with N, (see Eq. (S1) in Supplement
1). Therefore, Eq. (1) can be regarded as a power function of
temperature, which results in the dark current starting to level
offata temperature lower than ~150 K [Fig. 1(d)].

To better understand how the Er-doped Si photodiode oper-
ated, the photocurrent mapping was performed with the device
packed in Dewar. Figure 2(a) is an optical microscopic image of
the device. The inner circular Al electrode (200 pm in radius)
is in contact with the Er/O-doped region, which is the #-type.
The outer concentric Al ring (600 pm in radius) is in contact
with the bottom B-doped Silayer after the top Er/O-doped layer
is etched by a reactive ion etch. The side view of the device is
shown in Fig. 1(a). Figures 2(b) and 2(c) show the response of
the device under infrared laser illumination (A = 1550 nm).
For comparison, the PN junction that is not Er/O-doped has no
response to the 1550 nm laser (see Fig. S2). This demonstrates
that the Er/O-doped silicon is infrared sensitive. Note that the
response of the device is not spatially uniform in the Er/O-
doped region. It may be caused by the nonuniformity of the
Er/O doping. What is more, the image quality at 77 K is better
than thatat 300 K, which is due to the improved signal-to-noise
ratio (SNR) at low temperatures. Indeed, although the device
response attenuates at a low temperature, the dark current is
significantly suppressed, as shown in Fig. 1(d), which results in
the improved SNR.

Responsivity and detectivity, as important performance
parameters of infrared detectors, are also important research
contents of the Er-doped Si device. Figure 3(a) shows the
dependence of photocurrent and responsivity on laser inten-
sity at room temperature (300 K). The photocurrent increases
sub-linearly with the laser intensity, resulting in the sub-linear
decrease in responsivity. At low laser intensity, the responsiv-
ity reaches a maximum value of 165 pA/W. The responsivity
increases slightly when the laser intensity decreases, which
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Fig. 2.  (a) Microscope image of the device. Photocurrent map-
ping of the device at the temperatures of (b) 77 K and (c) 300 K.
(A =1550 nm).
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means the photodetectors can perform better under weak illu-
mination. This phenomenon can be explained by the limited
erbium concentration in the silicon. The photocurrent with the
sub-bandgap illumination is found to scale linearly in a log—log
representation with a slope 0f 0.938 (77 K) and 0.868 (300 K),
respectively. The linear relation suggests that the response of the
photodiodes is caused by the single-photon absorption process
mediated by the intermediate band rather than the two-photon
absorption process [27-30]. Figure 3(b) shows the photocur-
rent with laser intensity at different temperatures. As shown in
Fig. 1(d), the dark current decreases from 5 pA to 2 pA when
the temperature decreases from room temperature (300 K) to
77 K, while the photocurrent decreases by only 10 times. The
noise equivalent power (NEP) can reach the minimum value of
about 200 nW(= Zyuk/ Rimax) at 77 K. In addition, the higher
slope at low temperature is mainly caused by the increase of the
minority carrier lifetime. At higher temperatures, the photo-
generated carriers have more probability of being trapped by the
non-radiative recombination centers, which cannot contribute
to the Auger process or to the absorption of another photon to
jump to the conduction band of silicon.

Figure 3(c) shows the specific detectivity (D*) for 1310 nm
at different temperatures. With the increase of the temperature,
D* decreases from 1.39 x 107 to 1.49 x 107 Jones. The specific
detectivity and external quantum efficiency of the device are
calculated by Egs. (2) and (3)

pr=2Janf~

R
12 Zq[dark’
V4
n= In/q
P/hv’

2

3)

where R is the responsivity, 7, is the equivalent noise current,
A is the effective laser sensitivity area of the device, A f is the
electrical bandwidth, g is the elementary charge, and /g, is the
dark current. In Eq. (3), Ly, is the photogenerated current, P is
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Fig. 3. (a) Measured photocurrent and calculated responsiv-
ity of the photodiodes with different laser intensities at 300 K.
(b) Photocurrent versus input laser power at different tempera-
tures. (c) Calculated specific detectivity (D*) versus temperature.
(d) Calculated external quantum efficiency () and normal-
ized photoluminescence versus temperature (—1V bias voltage,
A =1310 nm).

Vol. 46, No. 20/ 15 October 2021 / Optics Letters 5167

the power of illumination, 4 is the Planck constant, and v is the
frequency of the light.

Figure 3(d) shows the calculated EQE () and normal-
ized photoluminescence intensity versus temperature. With
the increase of the temperature, the EQE increases from
7.44 x 107%t0 1.05 x 10~%, while the normalized PL intensity
decreases from 1.0 to 0.4. There are several reasons that can
explain this phenomenon. One reason is that the photogener-
ated electrons and holes can recombine at the erbium-related
energy level and transfer their energy to erbium atoms. This
process will excite one electron from the ground state to the
excited states in the erbium. The energy has the possibility to
back transfer to the silicon. With the increase of temperature,
the back transfer rate can increase, which means a higher ratio
of photogenerated carriers can contribute to the conductivity.
This can be verified by the PL intensity of the same sample.
With the increase of temperature, the PL intensity decreases
about 3 times, which is called the thermal quenching process
[5]. Another reason is that the increase in the concentration of
non-radiative defect centers will decrease both the PL decay
lifetimes and the minority carrier lifetime. The decay lifetime of
the transient PL measurements shows a decreasing trend with
the increase of temperature. From 77 to 150 K, the values for
the minority carrier lifetime and the responsivity change only
a little, while the value for the minority carrier lifetime changes
very rapidly when the temperature is over 150 K and the photo
responsivity increases rapidly at the same time.

Figure 4(a) shows the sub-wavelength response time of the
device at 0 V. Rise time of 14 ms and fall time of 12 ms are mea-
sured. The bandwidth of our device was measured by biasing
the photodiodes with —1V and exposing it to the chopped
laser of 1550 nm with a different frequency. The photocurrents
are extracted by the lock-in amplifier. The 3 dB bandwidth of
the photodetector can reach a frequency of 3 kHz as shown in
Fig. 4(b). The bandwidth is limited by the back transfer rate of
the Er-doped silicon since the deep cooling process suppresses
this value. The limited value for the Er-doped silicon can reach
1 MHz [23], which provides the potential to further promote
the performance of the erbium-oxygen hyperdoped silicon
photodetectors. After the full-spectrum response test in the
near-infrared band, the maximum wavelength is found to be
1568 nm (shown in Fig. 4(c), the higher wavelength response
was limited by the SNR, and the limiting value can extend to
about 4 pum according to the trap energy level), covering the
1310-1550 nm required by the field of the communication,
so it can still be integrated into some CMOS circuits for image
sensors.

In summary, extended infrared silicon detectors based on
Er/O co-doped silicon are fabricated. The cutoff wavelength
is extended to 1568 nm after the deep cooling process, and
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Fig.4. (a) Response time of Si: Er/O photodetector under 1310 nm
laser. (b) Normalized photocurrent at different modulation frequen-
cies. (c) Normalized photocurrent versus the wavelength of the
illumination.
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the maximum detectivity reaches as high as 1.39 x 10” Jones.
Extended infrared response on the Er/O-hyperdoped Si PN
photodiodes related to the Er defect levels in Si has been shown.
What is commendable is that it can work at room temperature.
This indicates that it has broadened the all-silicon applica-
tions in the field of IR optical communication and imaging.
This Letter provides new ideas for the application of all-silicon
devices and plays a certain role in promoting their development.
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