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Abstract

NUS

Wide band infrared photodetectors have found a wide range of applications in sensing,

a

communicati d spectral analysis. However, the commonly used infrared photodetectors are
based o V semiconductors which are not CMOS compatible and therefore have limited

applications. T is a huge demand for silicon based infrared photodetectors due to its low-cost and

M

compat MOS processes. Nevertheless, the spectral bandwidth of Si photodetectors is

limited to wavelengths shorter than 1.1 pm. Several approaches have been developed to extend Si

I

photodetec width to communication wavelengths. Er/O doped Si is a promising approach

which ho ifers from low infrared responsivities at room temperature when the samples are

@

treated with dard rapid thermal annealing (RTA). In this work, we applied a novel deep cooling

n

process doped silicon waveguide photodiodes. In comparison with RTA process, the deep

L

cooling ces the defect concentration in silicon by two orders of magnitude, resulting in a

U
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two-orders-of-magnitude reduction in leakage current density and an enhanced photoresponsivity to

100mA/W at 1510 nm. The 3dB bandwidth of the silicon waveguide photodiode reaches 30 kHz. The

|

device perférmance can be further improved by optimizing the deep cooling condition and Er/O doping

concentrat

rip

Keywords@waveguide photodetector, Erbium doping, Deep cooling, Communication

Wavelength; t

developmeCive found applications in various fields from defense, space science and medical

Durin decades, wide band infrared (IR) photodetectors have undergone considerable

imaging to unication.'” The commonly used integrated IR photodetectors are based on
epitaxially [@ro e or II-V semiconductor materials.*'* In comparison, Si-based photodetectors are

more cost effectiVe and compatible with complementary metal-oxide-semiconductor (CMOS)

PR 13-18
processes, efore are more competitive in the market.” "~ However, the spectral responses of

silicon are limited to wavelengths shorter than 1.1 um, significantly shorter than
communications wavelengths (~ 1.55 pm). Approaches have been explored to extend the spectral range
of silicon-Mtodetectors beyond communication wavelengths. One involves incorporating

@

Prisivity of 35 mA/W at 1550 nm was achieved using this process, it is not suitable for

chalcogen g to Si through picosecond or femtosecond laser irradiation.'*** Although the room

temperature

the integra{€d circuit application due to the complicated laser annealing process and the non-crystalline
Si surface irmed br the process.”” ** Recently, pulsed laser treatment using nanosecond laser has been
reported to ingle-crystalline surface on gold ion doped silicon. The resultant Si: Au photodiodes

have the mﬁoom temperature EQE of 9.3x 107 at communication wavelengths.** Nevertheless,

Au is an iy detrimental elements to silicon-based devices and therefore incompatible with the

CMOS pr > 26
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Although silicon hyper doped with silver was made into photodiodes,”’” doping silicon with erbium
(often with oxygen)™*?" is particularly interesting for photodetection since Er/O doped silicon can be
also potMa into silicon light sources at communication wavelength.’' > Traditionally, Er/O
doped silic ais from Er/O precipitation after standard rapid thermal annealing (RTA), which
results ijy stgggagR-radiative recombination.’** Consequently, the RTA-treated Er/O silicon cannot

emit or detm\-ns at communication wavelengths efficiently at room temperature.” *°

Recently, we
employed #fdeep Poling (DC) process to treat the Er/O implanted silicon.’’ The processed samples

exhibit a strong photoluminescence at room temperature, two orders of magnitude higher than the

samples traat tandard RTA process. In this work, we explore the possibility to use Er/O doped
silicon treal DC process for high-performance photodetection at communication wavelengths.
The sampl rst annealed at the high-temperature samples (~950°C) and cooled down at a rate of

1000°C/s bSE!usElng with Helium gas that is cooled in liquid nitrogen (77K). The dramatic cooling

process suppresses the precipitation of Er/O composites as the Er/O composites dissolved in silicon at

high temp not have enough time to precipitate. After the process, the Er/O doped Si is further

made i i guide photodiode for the potential applications as integrated optic sensors™ ** and
integrated inter etric optical gyroscopes*"*.
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Figure 1 (afOptical microscope image of the Er/O doped silicon waveguide photodetector. (b) False
color SEM

the grating coupler. (c) False color SEM image of the Y branch. The blue color is

SiO, and t lor represents Si. (d) Optical microscope image of the active region. Inset: SEM
image of thegi aveguide. (e) Cross section of the rib waveguide photodetector. (f) The calculated
mode-p rib waveguide.

The Er/O doped Si waveguide photodiodes were fabricated by first patterning the device layer

(500nm thig SOI wafer using the standard electron beam lithography and reactive ion etch. An

optical mig @ image of the fabricated waveguide photodetector is shown in Figure 1a. Incident
light is coupléd™fom a source fiber into the waveguide through a grating coupler ( top right) and splits
equally int@two parallel waveguides via a Y branch. The output light transmits into free space through

the gratimt the left bottom and is picked up by a sense fiber. The scanning electron

microscopi false color images of the fabricated grating couplers and Y branch are shown in
Figure 1b jpectively. To maximize the coupling efficiency, the grating coupler is designed to
have a grati ch of 728nm, a duty cycle of 0.328 and an etch depth of 100 nm (out of the 500 nm
thick device The lower waveguide connecting to the Y branch (see Figure 1a and d) is an
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undoped 500nm-wide Si waveguide for reference. 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
fabricatmre described in the Experimental section. A zoom-in optical microscopic image of
the PN jun @ fle is shown in Figure 1d. The schematic cross-section of the rib waveguide

photodagigcigigisedepicted in Figure le. The top 160 nm of the 500nm thick device layer is doped with

[

Er/O to fo ighly doped n" region and the bottom layer is implanted with high energy boron ions

to form thefp regi@n. A deep cooling (DC) process was employed to treat the sample, in which the

G

sample was firSt inductively heated to 950°C to activate all dopants and then rapidly cooled down to

-125°C in flyshing with liquid-nitrogen-cooled Helium gas. The dramatic cooling process

S

suppresses pitation of Er/O composites, as a result of which the density of nonradiative

U

recombina rs is significantly reduced. A lower density of nonradiative recombination centers

will increag€ the optical sensitivity of Er-related defects. Optical simulations 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 opticdl confinement will allow light at communication wavelength to be efficiently

a

absorb ted defects so that the photoresponsivity is enhanced.

M
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Figure 2 (a ission and absorption loss of the fabricated 500nm-wide Si waveguide at 1550nm.
(b) The real refractive index of the Er/O doped and undoped Si wafer. (c) The imaginary part of

refracti of the Er/O doped and undoped Si wafer.

A
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To le characterize the absorption efficiency of light at communication wavelength by

Er/O dopemfabricated an array of Si waveguide with the Er/O doping region varying from

90 umto 3 th. Correspondingly, for both DC and RTA processed sample, the loss increases
linearlyEVi the length of the doped region (Fig.2a) at a light wavelength of 1550nm, from which we
found a loss .5 dB/mm for DC processed Er/O doped silicon waveguides and 129.4 dB/mm for
RTA treate@sampl€. This loss dominantly comes from the absorption of photons via Er/O defects,

because thm:sion loss in the undoped silicon waveguide is only ~5.46 dB/mm (solid squares in

Fig.2a).

Analyme absorption loss is governed by the following equation eq.(1).*

! loss = —20log,0(e *2™%)  eq.(1)

where k is fhie Wb

ginary part of refractive index and A is the wavelength. The 92.5 dB/mm and 129.4
dB/mm loss correéSpond to a & value of ~ 0.0026 and 0.0037 respectively. To verify these values, we

prepared t e crystalline silicon wafers that were implanted with Er/O at the same doping
concen ion implantation energy as the samples in Fig. 2a. One of the samples was treated
with the deep cooling process and the other sample was treated with standard RTA process. The
refractive iwe Er/O doped silicon wafer and the undoped wafer were measured by ellipsometry.
The real paginary part k of the refractive index for the Er/O doped and undoped Si wafer are
shown in Fig®2is@nd 2c, respectively. Both n and k of the Er/O doped wafer are increased in comparison
with the ﬂlicon wafer while the RTA processed wafer has a higher # and k value than the DC
treated wafir. TheiTA processed sample has a higher k value likely because the sample has a higher
concentrat:ﬁects. It is straightforward that a higher concentration of defects leads to a more lossy

material, t higher k value. For the n value, semiconductor materials with a lower electron

concentrati ave a larger n value*. Our RTA processed Si wafer has a lower electrical
conductiv DC processed Si wafer. As a result, the n value is also higher than the DC processed
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Si wafer. The imaginary part k at 1550nm 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
ellipsomﬁesuts from both DC- and RTA-treated samples are slightly higher than the values
calculated @ measurement of the corresponding waveguides. It is probably because the
ellipsorggtriggieasurements reflect the index of materials near the silicon surface where the Er/O
impurities Mximum concentration. In contrast, the loss measurements accounts for the averaged

effect of alBEr/O 1purities.
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Figure 3 (a @ d dark /-V curves of the fabricated Er doped pin photodetector. Inset: In(/;) as a
function of (b) Temperature dependent dark current density of the deep cooling and RTA

processed ples.

{

3

Figure s the current vs voltage (/-V) characteristics of the fabricated Er/O doped
waveguide ector that was treated with the deep cooling process. The PN junction diode

exhibits ably good rectifying behavior with the leakage current four orders of magnitude

A
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smaller than the forward current. The ideality factor of the PN junction diode at small injection is
approximately equal to 2 (inset of Fig.3a), indicating that electrons and holes at forward bias
dominarMcomdne through defects (likely Er-related) in Si bandgap. Under a reverse bias of -2V, a
relatively larg K current density (~ 3 mA/cm’ at room temperature in Fig.3b) is observed via these
defects by thegheianal generation. Based on the theory of carrier generation-recombination via defects

in semiconhve derived the dark current density that is dependent on the defect concentration and

energy lev@n in eq. (2).
E, E.—E;
m = qWgepCpNe Ny, €Xp (— ﬁ) exp (T) eq.(2)

, in which mit of charge, Wy, the depletion region width, C, the hole capture cross-section, N;

the concen of defects, N, the carrier concentration associated with the valence band, E, the

bandgap OSemiconductor (Si), E. the conduction band edge and E, the defect energy level. According

toeq. (2),t rrent density is highly dependent on temperature. For this reason, we measured the
dark curre as a function of temperature for both DC and RTA processed samples as shown in
Fig.3b. n with the RTA sample, the dark current density of the DC sample is two orders of

magnitude s 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 degp-cooling-processed samples is two orders of magnitude stronger than the RT A-processed

ones.”' In F1g.3D, the dark current density for both samples first drops exponentially due to the

dominance @ ponential terms in eq. (2). The current later levels off at lower temperature due to

the non-ex ial term in eq. (2) that is a power function of temperature T. From the exponential
depend£d that the defect energy levels are located 0.27 eV and 0.10 eV (= E, - E,) above the
Si ValenWthe DC and RTA processed sample, respectively (see Fig.3b). This means that
electrons only nec@to overcome an energy gap of 0.27 eV or 0.10 eV to create the observed dark

current. However, the bandgap of Si is 1.12eV. If the defects form a single energy level, there will be

y gap (0.85eV or 1.02 eV) for electrons to thermally excite from the defect energy

level E, to the conidliction band edge. The Arrhenius plot in Fig.3b does not support this assumption of a
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single defect energy level. A possible scenario is that the Er/O related defects may have formed a
quasi-continuous band from E, to the Si conduction band edge, as shown in the inset of Fig.3b. This
scenarioMt with our recent observations that the PL spectrum from the Er/O doped Si has a
surprisingl b¥oad emission band (0.6eV to 1.1 eV) in addition to the widely reported strong Er*"

. 45 - - . . . J 46
emissiofypgalgaigdd3 6nm.™ Similar quasi-continuous band was also observed in sulfur-doped silicon.
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Figure 4 (a rrent and responsivity at 1570nm as a function of power at bias voltage of -1V. (b)
The res ctrum of a 50um-long Er photodetector under -5V bias. Inset: The photocurrent

and power spectra.

No de @ dhotocurrent was observed for the sample treated by RTA even when the light at the

or

highest posgi nsity is coupled from our tunable laser (Agilent 81640A) into the detector

wavegui aveguide in Fig.1a). In contrast, the photodetector treated by the deep cooling

{

process clatively large photocurrent at reverse bias (Figure 4a). To find out

photoresponsivity @f the device, we need to calibrate the light power reaching the Er/O photodetector.

ul

Since the incide

power ri ~-~1@

ght splits equally into the reference and detector waveguide via the Y branch, the

e Er/O photodetector can be calculated from the output power at the undoped reference
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end after taking into account the coupling loss and the Si waveguide transmission loss. Figure 4a shows
the power dependent photocurrent and corresponding photoresponsivity of the Er/O doped
photodem treated with the deep cooling process. It is surprising to see that the photocurrent
increases s w W as the light power ramps up, in contrast with the linear increase of photocurrent in
standardgP INgpheteydiodes. This may be caused by the relatively low density of Er-related defect states

that limit t tion efficiency of photons when the flux is high. As a result, the photoresponsivity

1

(at 1570nmfiand b1a§ voltage of -1V) increases (up to 3 mA/W) as the light power reduces. Fig.4b shows
the spectral responsivity of a 50um-long Er photodetector. The spectrum is not uniform mainly due to
the non-unffogih offthe power (inset in Fig.4b) that affects the photoresponsivity (Fig.4a). The
maximum onsivity reaches 100mA/W at 1510 nm and bias voltage of -5V, which outperforms
:ed Er:Si by RTA,” Si:Au photodiodes,* Si:Ag photodiodes”’ and Si:Zn

the previo

photodiodd§ " in literatures. Our recent studies show that the activation rate of Er ions is closely related

n

with Er/O doping concentration and deep cooling condition (annealing temperature, annealing time and

cooling timg). refully optimizing these parameters, the responsivity of the Er/O doped Si

a

photodi rther improved. Additional experiments show that the spectral response can extend
uptoA=35pu ta not shown here). This is in line with the hypothetical quasi-continuous defect
band in of silicon and the broad PL emission from the Er/O doped Si that were mentioned

above.

Author M
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Figure5 (a t current response of the Er doped photodetector at bias voltage of -1V. (b)
Frequency of the Er doped photodetector at bias voltage -1V.
Transi nt measurement (diagram in SI) shows fast and high photoresponses when the light

d

is turn on and t ff periodically, as shown in Figure 5a. The 1550nm light signal is modulated by an

acousto-0 O) modulator (CETC SGT200-02-N-1D) with a modulation frequency from 200Hz to

[\

100kH odulated 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

E

amplifier 30. The measured 3dB bandwidth of our 100um long Er/O photodetector is ~30 kHz
(Figure 5b ing to calculation, the junction capacitance of the 100um long Er/O photodetector is

about 6.18

O

I for details). From the forward /-V curve of our Er/O doped Si photodiode, the

series resisfince R is around 4X 10*Q. With a junction capacitance of 6.18pF, the capacitance

h

{

charging time 1S To.= RyC =2.4X 107 7s. If the frequency is dominated by the capacitance, the 3dB

1

=5—= 660kHz, which is much higher than the 30kHz bandwidth of our Er/O

T,

bandwidth

Lk

doped Si photodiode. Therefore, it is concluded that the frequency response of the DC

processe oped Si waveguide photodiode is dominated by the slow back-transfer rate. The

A

back-transfe RTA processed Er/O doped Si wafer is reported to be ~ 1.7x10° s™ (corresponding

This article is protected by copyright. All rights reserved.



to back-transfer time 5.9x107s).” 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 5x 10~°s, which

1 1
2MTpe  2X3.14X5x1076

= 30kHz.The bandwidth of the Er/O

P

leads to a uency fpr =

9

photodi&l d by the slow back-transfer and trap dissociation at a rate of around 2x10°s™.?

I

Although dwidth is not enough for fiber communication system, the Er/O photodetectors

may find applicatighs as integrated optic sensors.”” Waveguide-based optical sensors are used in a

C

variety of applig@igns such as label-free detection of chemical® or integrated interferometric optical

41,42

S

gyroscopes Y0P na¥igation” * ", in which frequency often is not a critical parameter.

Conclusio

Nnu

In this Wormlied a DC thermal treatment on Er doped SOI wafer as an alternative to the

traditional RT A¥¥€atment. The DC treated Er doped Si waveguide showed a reduced absorption loss, as

further co by the ellipsometric measurements of # and £, due to the reduced defect concentration
by the cally cooling process of DC. The Er doped Si wafers were further doped with B to form

vertical PN junctions and patterned into rib waveguides. The rib waveguide photodiode showed a

1

decreased nt density and a significantly enhanced photoresponsivity (up to 100mA/W at

1510nm) a ication wavelength. Besides, a 3dB bandwidth around 30kHz is achieved on the

O

Er/O dope aveguide photodetector. With the advantages of high responsivity, low-cost and

CMOS-comfipatible process, it is promising for the monolithic integrated IR photodetector application.

g

{

U

Experimental secti

Device f: n: The microfabrication process starts with an SOI wafer with a 500 nm thick device

A

layer and 2 [ layer. Photolithography is performed to allow selective doping in the active
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region. Boron is ion implanted with energy of 110keV and dosage of 7x10'*cm™.  Er is ion implanted
with energy of 200 keV and dosage of 410" cm™. O is incorporated with energy of 32 keV and dosage
of 1x IOMtron beam lithography (EBL) and reactive ion etch (RIE) are performed to form the
waveguidep he Er/O doped rib waveguide is etched 200nm thickness. The above processes are
performgd agaiigi@gform the grating coupler. 200nm thick SiO, is sputtered as the isolating layer. After

DC, electr atterned and deposited by photolithography and thermal evaporation. To reduce the

[

absorption g met? electrodes, ITO is applied as the contact material for Er/O doped region. The large

electrode pads contact material for Boron doped region are Ti/Au.

Deep cooling* deep cooling (DC) process was performed in an upgraded dilatometer (DIL 805A,

TA Instruments, se@ SI Figure S1). The Er/O doped Si samples were first heated at 950 °C for 5 minutes

US

by means of coil-based electromagnetic heating and then cooled down to room temperature in 5s
by a flush &Jﬁty Helium (99.999%) gas cooled in liquid nitrogen (77 K). Compared to

traditional mcess, the deep cooling method has a much larger cooling rate (up to 1000 °C/s).

=
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