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Efficient Er/O Doped Silicon Photodiodes at
Communication Wavelengths by Deep Cooling

Xingyan Zhao, Kaiman Lin, Sai Gao, Huayou Liu, Jiajing He, Xiaoming Wang,

Huimin Wen, and Yaping Dan*

Wide band infrared photodetectors have found a wide range of applications
in sensing, communication, and spectral analysis. However, the commonly
used infrared photodetectors are based on Ge and IlI-V semiconductors
which are not complementary metal-oxide-semiconductor (CMOS) compat-
ible and therefore have limited applications. There is a huge demand for
silicon-based infrared photodetectors due to its low-cost and compatibility
with CMOS processes. Nevertheless, the spectral bandwidth of Si photo-
detectors is limited to wavelengths below 1.1 pm. Several approaches are
developed to extend Si photodetection bandwidth to communication wave-
lengths. Er/O doped Si is a promising approach which, however, suffers

from low infrared responsivities at room temperature when the samples are
treated with the standard rapid thermal annealing (RTA). In this work, a novel
deep cooling process to treat Er/O doped silicon waveguide photodiodes is
applied. In comparison with RTA process, the deep cooling process reduces
the defect concentration in silicon by two orders of magnitude, resulting

in a two-orders-of-magnitude reduction in leakage current density and an
enhanced photoresponsivity to 100 mA W' at 1510 nm. The 3dB bandwidth
of the silicon waveguide photodiode reaches 30 kHz. The device performance
can be further improved by optimizing the deep cooling condition and Er/O

doping concentration.

1. Introduction

During the past decades, wide band infrared (IR) photodetectors
have undergone considerable developments and have found
applications in various fields from defense, space science, and
medical imaging to telecommunication.'””) The commonly
used integrated IR photodetectors are based on epitaxially
grown Ge or III-V semiconductor materials.®?l In compar-
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ison, Si-based photodetectors are more
cost effective and compatible with com-
plementary  metal-oxide-semiconductor
(CMOS) processes, and therefore are
more competitive in the market.3-18]
However, the spectral responses of sil-
icon photodiodes are limited to wave-
lengths shorter than 1.1 um, significantly
shorter than communication wavelengths
(=1.55 um). Approaches have been
explored to extend the spectral range of
silicon-based photodetectors to communi-
cation wavelengths. One involves incorpo-
rating chalcogen dopants into Si through
picosecond or femtosecond laser irradia-
tion.'%-22 Although the room temperature
responsivity of 35 mA W' at 1550 nm was
achieved using this process, it is not suit-
able for the integrated circuit application
due to the complicated laser annealing
process and the noncrystalline Si sur-
face formed in the process.?*23 Recently,
pulsed laser treatment using nanosecond
laser has been reported to form single-
crystalline surface on gold ion doped sil-
icon. The resultant Si:Au photodiodes have
the maximum room temperature EQE of
9.3 X 10~ at communication wavelengths.? Nevertheless, Au
is an important detrimental elements to silicon-based devices
and therefore incompatible with the CMOS process.[2>2¢]
Although silicon hyper doped with silver was made into
photodiodes,”’] doping silicon with erbium (often with
oxygen)28-39 is particularly interesting for photodetection
since Er/O doped silicon can be also potentially made into
silicon light sources at communication wavelength.'3% Tra-
ditionally, Er/O doped silicon suffers from Er/O precipitation
after standard rapid thermal annealing (RTA), which results
in strong nonradiative recombination.**-38 Consequently, the
RTA-treated Er/O silicon cannot emit or detect photons at com-
munication wavelengths efficiently at room temperature.l?83¢
Recently, we employed a deep cooling (DC) process to treat
the Er/O implanted silicon.3!! The processed samples exhibit
a strong photoluminescence at room temperature, two orders
of magnitude higher than the samples treated by standard RTA
process. In this work, we explore the possibility to use Er/O
doped silicon treated by the DC process for high-performance
photodetection at communication wavelengths. The samples
were first annealed at high-temperature (=950 °C) and cooled
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Figure 1. a) Optical microscope image of the Er/O doped silicon waveguide photodetector. b) False color SEM image of the grating coupler. c) False
color SEM image of the Y branch. The blue color is SiO, and the grey color represents Si. d) Optical microscope image of the active region. Inset: SEM
image of the silicon waveguide. e) Cross section of the rib waveguide photodetector. f) Calculated mode profile of the rib waveguide.

down at a rate of 1000 °C s7! by flushing with Helium gas that
is cooled in liquid nitrogen (77 K). The dramatic cooling process
suppresses the precipitation of Er/O composites as the Er/O
composites dissolved in silicon at high temperature do not have
enough time to precipitate. After the process, the Er/O doped Si
is further made into a Si waveguide photodiode for the poten-
tial applications as integrated optic sensors*** and integrated
interferometric optical gyroscopes.[*#!

2. Results and Discussion

The Er/O doped Si waveguide photodiodes were fabricated by
first patterning the device layer (500 nm thick) of an silicon on
insulator (SOI) wafer using the standard electron beam lithog-
raphy and reactive ion etch. An optical microscopic image of
the fabricated waveguide photodetector is shown in Figure 1a.
Incident light is coupled from a source fiber into the wave-
guide through a grating coupler (top right) and splits equally
into two parallel waveguides via a Y branch. The output light
transmits into free space through the grating coupler at the left
bottom and is picked up by a sense fiber. The scanning electron
microscopic (SEM) false color images of the fabricated grating
couplers and Y branch are shown in Figure 1b,c, respectively.
To maximize the coupling efficiency, the grating coupler is
designed to have a grating pitch of 728 nm, a duty cycle of 0.328
and an etch depth of 100 nm (out of the 500 nm thick device
layer). The lower waveguide connecting to the Y branch (see
Figure 1a,d) is an undoped 500 nm wide Si waveguide for refer-
ence. The upper waveguide expands to 10 um wide where the Si
rib waveguide is doped with erbium, oxygen, and boron ions to
form a PN junction diode. The fabrication details are described
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in the Experimental Section. A zoom-in optical microscopic
image of the PN junction diode is shown in Figure 1d. The
schematic cross-section of the rib waveguide photodetector
is depicted in Figure le. The top 160 nm of the 500 nm thick
device layer is doped with Er/O to form the highly doped n*
region and the bottom layer is implanted with high energy
boron ions to form the p* region. A DC process was employed
to treat the sample, in which the sample was first inductively
heated to 950 °C to activate all dopants and then rapidly cooled
down to —125 °C in 5 s by flushing with liquid-nitrogen-cooled
Helium gas. The dramatic cooling process suppresses the pre-
cipitation of Er/O composites, as a result of which the density
of nonradiative recombination centers is significantly reduced.
A lower density of nonradiative recombination centers will
increase the optical sensitivity of Er-related defects. Optical sim-
ulations show that the fundamental mode of the rib waveguide
is confined in the rib region (Figure 1f) where the implanted
Er/O ions are located. This optical confinement will allow light
at communication wavelength to be efficiently absorbed via Er-
related defects so that the photoresponsivity is enhanced.

To quantitatively characterize the absorption efficiency of
light at communication wavelength by Er/O doped silicon,
we fabricated an array of Si waveguide with the Er/O doping
region varying from 90 to 320um in length. Correspondingly,
for both DC and RTA processed sample, the loss increases
linearly with the length of the doped region (Figure 2a) at a
light wavelength of 1550 nm, from which we found a loss of
92.5 dB mm™ for DC processed Er/O doped silicon waveguides
and 129.4 dB mm™ for RTA treated sample. This loss domi-
nantly comes from the absorption of photons via Er/O defects,
because the transmission loss in the undoped silicon wave-
guide is only =5.46 dB mm™ (solid squares in Figure 2a).

© 2021 Wiley-VCH GmbH
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Figure 2. a) Transmission and absorption loss of the fabricated 500 nm-wide Si waveguide at 1550 nm. b) Real part of refractive index of the Er/O
doped and undoped Si wafer. ¢) Imaginary part of refractive index of the Er/O doped and undoped Si wafer.

Analytically, the absorption loss is governed by the following
equation Equation (1)

loss =—20log1o (e k2min)

(1)
where k is the imaginary part of refractive index and A is the
wavelength. The 92.5 and 129.4 dB mm™! loss correspond to a k
value of =0.0026 and 0.0037, respectively. To verify these values,
we prepared two single crystalline silicon wafers that were
implanted with Er/O at the same doping concentration and ion
implantation energy as the samples in Figure 2a. One of the
samples was treated with the deep cooling process and the other
sample was treated with standard RTA process. The refractive
index of the Er/O doped silicon wafer and the undoped wafer
were measured by ellipsometry. The real part n and imaginary
part k of the refractive index for the Er/O doped and undoped
Si wafer are shown in Figure 2b,c, respectively. Both n and k
of the Er/O doped wafer are increased in comparison with the
undoped silicon wafer while the RTA processed wafer has a
higher n and k value than the DC treated wafer. The RTA pro-
cessed sample has a higher k value likely because the sample
has a higher concentration of defects. It is straightforward that
a higher concentration of defects leads to a more lossy mate-
rial, therefore a higher k value. For the n value, semiconductor
materials with a lower electron concentration will have a larger
n value. Our RTA processed Si wafer has a lower electrical
conductivity than DC processed Si wafer. As a result, the n
value is also higher than the DC processed Si wafer. The imagi-
nary part k at 1550 nm measured by ellipsometry is about 0.003
for DC treated sample and 0.0043 for RTA treated sample. Note
that the estimated imaginary value of k of ellipsometric results

10° —
(@)
b 12 o=
€6 "
10% 4 "%-
< 20/ slope 0.53
z 1 24
< “0 10 20 30 40 =
£ 107y qV, kT H
‘.s: 1 photo B
o
10°4 dark ‘-‘.. .
L}
E ]
10" v T v T T

5 4 3 2 4 0 1 2
Voltage V, (V)

from both DC- and RTA-treated samples are slightly higher
than the values calculated from loss measurement of the cor-
responding waveguides. It is probably because the ellipsometric
measurements reflect the index of materials near the silicon
surface where the Er/O impurities have a maximum concentra-
tion. In contrast, the loss measurements accounts for the aver-
aged effect of all Er/O impurities.

Figure 3a shows the current versus voltage (I-V) characteris-
tics of the fabricated Er/O doped waveguide photodetector that
was treated with the deep cooling process. The PN junction
diode exhibits a reasonably good rectifying behavior with the
leakage current four orders of magnitude smaller than the for-
ward current. The ideality factor of the PN junction diode at
small injection is approximately equal to 2 (inset of Figure 3a),
indicating that electrons and holes at forward bias dominantly
recombine through defects (likely Er-related) in Si bandgap.
Under a reverse bias of —2 V, a relatively large dark current
density (=3 mA cm™2 at room temperature in Figure 3b) is
observed via these defects by thermal generation. Based on
the theory of carrier generation-recombination via defects
in semiconductors, we derived the dark current density that
is dependent on the defect concentration and energy level as
shown in Equation (2)

(2)

kT

Ec—Et)
kT

E
Jaark = qWaepCpNiNy exP(——g)exP(

in which g is the unit of charge, Wy, is the depletion region
width, C;, is the hole capture cross-section, N, is the concentra-
tion of defects, N, is the carrier concentration associated with
the valence band, E, is the bandgap of semiconductor (Si), E
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Figure 3. a) Photo and dark I-V curves of the fabricated Er doped pin photodetector. Inset: In(l,4) as a function of qV,/kT. b) Temperature dependent

dark current density of the deep cooling and RTA processed samples.
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is the conduction band edge, and E, is the defect energy level.
According to Equation (2), the dark current density is highly
dependent on temperature. For this reason, we measured the
dark current density as a function of temperature for both DC
and RTA processed samples as shown in Figure 3b. In com-
parison with the RTA sample, the dark current density of the
DC sample is two orders of magnitude smaller, indicating that
the deep cooling process reduces the density of Er-rated defects
by two orders of magnitude. This observation is consistent
with our recent finding that photoluminescence from the deep-
cooling-processed samples is two orders of magnitude stronger
than the RTA-processed ones.*!l In Figure 3b, the dark cur-
rent density for both samples first drops exponentially due to
the dominance of the exponential terms in Equation (2). The
current later levels off at lower temperature due to the nonex-
ponential term in Equation (2) that is a power function of tem-
perature T. From the exponential dependence, we found that
the defect energy levels are located 0.27 and 0.10 eV ( = E, — E,)
above the Si valence band for the DC and RTA processed
sample, respectively (see Figure 3b). This means that elec-
trons only need to overcome an energy gap of 0.27 or 0.10 eV
to create the observed dark current. However, the bandgap of
Siis 1.12 eV. If the defects form a single energy level, there will
be still a large energy gap (0.85 or 1.02 eV) for electrons to ther-
mally excite from the defect energy level E, to the conduction
band edge. The Arrhenius plot in Figure 3b does not support
this assumption of a single defect energy level. A possible sce-
nario is that the Er/O related defects may have formed a qua-
sicontinuous band from E, to the Si conduction band edge, as
shown in the inset of Figure 3b. This scenario is consistent
with our recent observations that the PL spectrum from the
Er/O doped Si has a surprisingly wide broad emission band
(0.6-1.1 eV) in addition to the widely reported strong Er** emis-
sion peak at 1536 nm.*! Similar quasicontinuous band was
also observed in sulfur-doped silicon.*!

No detectable photocurrent was observed for the sample
treated by RTA even when the light at the highest possible inten-
sity is coupled from our tunable laser (Agilent 81640A) into the
detector waveguide (upper waveguide in Figure 1a). In contrast,
the photodetector treated by the deep cooling process exhibits a
relatively large photocurrent at reverse bias (Figure 4a). To find
out photoresponsivity of the device, we need to calibrate the
light power reaching the Er/O photodetector. Since the incident
light splits equally into the reference and detector waveguide via
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the Y branch, the power reaches the Er/O photodetector can be
calculated from the output power at the undoped reference end
after taking into account the coupling loss and the Si waveguide
transmission loss. Figure 4a shows the power dependent photo-
current and corresponding photoresponsivity of the Er/O doped
photodetector that is treated with the deep cooling process. It is
surprising to see that the photocurrent increases sublinearly as
the light power ramps up, in contrast with the linear increase of
photocurrent in standard PIN photo diodes. This may be caused
by the relatively low density of Er-related defect states that limit
the absorption efficiency of photons when the flux is high. As
a result, the photoresponsivity (at 1570 nm and bias voltage of
-1 V) increases (up to 3 mA W) as the light power reduces.
Figure 4b shows the spectral responsivity of a 50 um long Er
photodetector. The spectrum is not uniform mainly due to the
non-uniformity of the power (inset in Figure 4b) that affects the
photoresponsivity (Figure 4a). The maximum photoresponsivity
reaches 100 mA W' at 1510 nm and bias voltage of -5V, which
outperforms the previously reported Er:Si by RTA,28 Si:Au pho-
todiodes,** Si:Ag photodiodes,”’] and Si:Zn photodiodes in
literatures. Our recent studies show that the activation rate of
Er ions is closely related with Er/O doping concentration and
deep cooling condition (annealing temperature, annealing time,
and cooling time). By carefully optimizing these parameters,
the responsivity of the Er/O doped Si photodiode can be fur-
ther improved. Additional experiments show that the spectral
response can extend up to 4 = 3.5 um (data not shown here).
This is in line with the hypothetical quasicontinuous defect
band in the bandgap of silicon and the broad PL emission from
the Er/O doped Si that were mentioned above.

Transient current measurement (diagram in Supporting
Information) shows fast and high photoresponses when the
light is turn on and turn off periodically, as shown in Figure 5a.
The 1550 nm light signal is modulated by an acousto-optic (AO)
modulator (CETC SGT200-02-N-1D) with a modulation fre-
quency from 200 Hz to 100 kHz. The modulated light signal
is coupled to the SOI waveguide through the grating coupler.
The Er/O doped Si PN photodetector is reversely biased and the
photocurrent is picked up by a lock-in amplifier SR830. The
measured 3dB bandwidth of our 100 um long Er/O photode-
tector is =30 kHz (Figure 5b). According to the calculation, the
junction capacitance of the 100 um long Er/O photodetector
is about 6.18 pF (see the Supporting Information for details).
From the forward I-V curve of our Er/O doped Si photodiode,
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Figure 4. a) Photocurrent and responsivity at 1570 nm as a function of power at bias voltage of —1V. b) Responsivity spectrum of a 50 um-long Er/O
doped photodetector under =5V bias. Inset: Photocurrent and power spectra.
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Figure 5. a) Transient current response of the Er/O doped photodetector at bias voltage of —1V. b) Frequency response of the Er/O doped photode-

tector at bias voltage —1V.

the series resistance Ry is around 4 x 10* Q. With a junction
capacitance of 6.18 pF, the capacitance charging time is 7. =
R,C = 24 x 107 s. If the frequency is dominated by the

capacitance, the 3dB bandwidth will be f. = =660 kHz,

2T,
which is much higher than the 30 kHz bandwidth of our Er/O
doped Si waveguide photodiode. Therefore, it is concluded that
the frequency response of the DC processed Er/O doped Si
waveguide photodiode is dominated by the slow back-transfer
rate. The back-transfer rate of RTA processed Er/O doped Si
wafer is reported to be =1.7 x 10° s7! (corresponding to back-
transfer time 5.9 x 107s).?”) The DC processed Er/O doped
Si wafer will have a much longer back-transfer time since its
photoluminescence efficiency is largely enhanced.?!! The DC
processed Er/O doped Si waveguide photodiode may have a
back transfer time possibly up to 5 X 107 s, which leads to a

1

= =30 kHz.
2x3.14x5%x107°

cutoff frequency  fir = !

2Tht
Although 30 kHz bandwidth is not enough for fiber commu-
nication system, the Er/O photodetectors may find applications
as integrated optic sensors.1?) Waveguide-based optical sensors
are used in a variety of applications such as label-free detection
of chemical®! or integrated interferometric optical gyroscopes
for navigation,*? in which high frequency is not a critical
factor.

3. Conclusion

In this work, we applied a DC thermal treatment on Er/O
doped SOI wafer as an alternative to the traditional RTA treat-
ment. The DC treated Er/O doped Si waveguide showed a
reduced absorption loss, as further confirmed by the ellipso-
metric measurements of n and k, due to the reduced defect con-
centration by the dramatically cooling process of DC. The Er/O
doped Si wafers were further doped with B to form vertical PN
junctions and patterned into rib waveguides. The rib waveguide
photodiode showed a decreased dark current density and a sig-
nificantly enhanced photoresponsivity (up to 100 mA W' at
1510 nm) at communication wavelength. Besides, a 3dB band-
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width around 30 kHz is achieved on the Er/O doped Si rib
waveguide photodetector. With the advantages of high respon-
sivity, low-cost and CMOS-compatible process, it is promising
for the monolithic integrated IR photodetector application.

4. Experimental Section

Device Fabrication: The microfabrication process started with an
SOl wafer with a 500 nm thick device layer and 2 um BOX layer.
Photolithography was performed to allow selective doping in the
active region. Boron was ion implanted with energy of 110 keV and
dosage of 7 x 10" cm™. Er was ion implanted with energy of 200 keV
and dosage of 4 x 10" cm™2. O was incorporated with energy of 32 keV
and dosage of 1x 10'® cm™2. Electron beam lithography and reactive ion
etch were performed to form the waveguide pattern. The Er/O doped
rib waveguide was etched 200 nm thickness. The above processes were
performed again to form the grating coupler. 200 nm thick SiO, was
sputtered as the isolating layer. After DC, electrodes were patterned and
deposited by photolithography and thermal evaporation. To reduce the
absorption by metal electrodes, ITO was applied as the contact material
for Er/O doped region. The large electrode pads and contact material for
Boron doped region were Ti/Au.

Deep Cooling: The DC process was performed in an upgraded
dilatometer (DIL 805A, TA Instruments, see Figure S1, Supporting
Information). The Er/O doped Si samples were first heated at 950 °C for
5 min by means of copper coil-based electromagnetic heating and then
cooled down to room temperature in 5 s by a flush of high purity Helium
(99.999%) gas cooled in liquid nitrogen (77 K). Compared to traditional
RTA process, the deep cooling method has a much larger cooling rate
(up to 1000 °C s7).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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