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ARTICLE INFO ABSTRACT

Keywords: Crystalline Si (c-Si) implanted with rare-earth erbium (Er) might offer a solution to the development of silicon-
Si1i<':on photonics based optical amplifiers and lasers at communication wavelengths for integrated silicon photonics. However, Er
Erbfum doped (often with oxygen) c-Si traditionally suffers from a strong thermal quenching effect in luminescence,
Photoluminescence

resulting in extremely low luminous efficiency. We recently adopted a deep cooling process to treat Er/O co-
doped c-Si samples. After the treatment, the thermal quenching effect is suppressed and the room-temperature
photoluminescence (PL) is improved by two orders of magnitude. In this work, we report the PL optimization
by tuning parameters including annealing temperature and time, deep cooling rate, O and Er concentration, and
their ratio. It was found that the PL performance is maximized at O:Er concentration ratio of ~2.5 and annealing
temperature of 950 °C for 5 min followed by a cooling rate as fast as —500 °C s~L. In addition, the Er/O emission
has two spectrally-resolved peaks at 6472 cm™ ' and 6510 cm™* and their intensity ratio is independent of
excitation power but a linear function of temperature. This unique property, likely originated from the physics of
Er, Si, and O chemical composites formed in the deep cooling process, allows us to develop reliable cryogenic
temperature sensors with an accuracy of +1.0 K in the 4-200 K range.

Near-infrared emission
Ratiometric thermometry

1. Introduction extensively investigated [11-14]. As a nonequilibrium method,

high-dose ion implantation can bring typical erbium densities up to

The evolution of silicon photonics as an emerging technology for
optical interconnection requires the monolithic integration of on-chip
light sources with complementary metal-oxide-semiconductor (CMOS)
circuits [1-5]. Crystalline silicon (c-Si) is a de facto inefficient emitter of
light owing to its indirect bandgap. Alternatively, erbium ions (Er**)
have radiative emissions at 1.54 pum, arising from an intra-4f transition
between 4113 /2 and 4115/2 and lighting upon the low-loss windows for
fiber optic communications. Introducing Er into silicon was hence
believed to be a promising approach to creating silicon-based light--
emitting sources [6-10]. During the past four decades, photo-
luminescence (PL) and electroluminescence from Er-doped silicon
obtained by molecular beam epitaxy and ion implantation have been
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102! em~3, far beyond its solubility limit, while posing a lot of crys-
talline damages in silicon that leads to the non-radiative paths for
electron-hole pair recombination and severely affects the luminescence
efficiencies of Er-implanted materials [15,16]. In spite of a standard
rapid thermal annealing at high temperature to heal these damages,
there is not yet a strong emission of light for erbium in intrinsic silicon
matrices [9,13,17,18].

Recently, our research group has reported a two-order-of-magnitude
improvement in PL intensity for Er-doped silicon devices, with an
external quantum efficiency achieving 0.8% at room temperature, as a
result of suppressing the segregation of Er-related precipitates by deep
cooling (DC) process [11,12]. In this work, the impact of critical DC
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parameters including annealing temperature and time as well as cooling
rate was systematically investigated. PL results indicate that the
Er-doped c-Si samples annealed at 950 °C for 5 min and then cooled
down with a rate of —500 °C-s~! have a maximum near-infrared (NIR)
emission. The PL results was further optimized by tuning the O:Er
concentration ratio to 2.5. Based on the stark splitting of 411 5/2 and 4113 /2
levels, a representative fluorescence ratiometric thermometry at cryo-
genic temperatures down to 4 K has been developed for these
Er/O-doped silicon phosphor materials. By using the linear equation
derived from the temperature-dependent regression analysis of two in-
tensity ratio at 6472 cm ™! and 6510 cm™!, the read-out temperature
fully agrees with the preset values with a precision in the measurement
of +1.0 K, pointing the way for fabricating the integrated cryogenic
temperature sensors in rare-earth-doped silicon [19-22].

2. Materials and methods

Float zone intrinsic Si (100) wafers (resistivity: > 10 kQ cm; thick-
ness: 500 + 20 pm) were purchased from commercial sources (Suzhou
Resemi Semiconductor Co., Ltd). The as-received wafer was implanted
by different O ion concentrations between 4 x 10'° em™3 and 2 x 102!
cm ™3, with an injection energy of ~32 keV (Institute of Semiconductors,
Chinese Academy of Sciences). Subsequently, multiple Er ion concen-
trations in the 10'° - 10*' ¢m™ range were chosen to implant, in
accordance with the O:Er concentration ratios of 0.05, 0.25, 0.5, 1.5,
2.5, and 3.5, respectively. The Er injection energy was ~200 keV,
enabling a peak depth of about 80 nm, similar to that of O ions in silicon.
These implantation parameters, used to suitably form a comparable Er/
O doping profile, were provided by SRIM software [23,24]. After that,
the as-implanted Si samples were cleaned with ethanol and deionized
water, and then immersed in a piranha solution (sulfuric acid: 30%
hydrogen peroxide = 3:1) for 30 min at 90 °C, followed by drying with a
high purity nitrogen (99.99%) stream. A 200-nm-thick SiO films was
then deposited on the Er/O-implanted Si samples by reactive magnetron
sputtering (Delton multi-target magnetic control sputtering system,
AEMD, SJTU). Finally, a deep cooling process was performed to activate
Er optical centers and to repair silicon lattice via an upgraded dila-
tometer (DIL 805A, TA Instruments), where the samples were annealed
at 800 °C-1100 °C by means of copper coil-based electromagnetic
heating and followed by a flush of high purity He (99.999%) gas cooled
in liquid N (77 K). Similar procedures for Er/O-doped Si samples can be
referred to our previous descriptions [11,12].

For PL characterizations, a Fourier transform infrared (FTIR) spec-
trometer (Vertex 80v, Bruker) was employed. The focused 405-nm
emission from a continuous-wave laser (MLL-III-405, CNI) with a
maximum pump power of ~160 mW was used as the excitation source.
Notch, neutral density, and long-pass filters were utilized for avoiding
the influence of the excitation during the excitation power dependent PL
measurements [25]. Temperature read-out experiments were carried
out in order to determine the temperature reliability and accuracy
related to the Er/O-doped silicon thermometry. It was implemented by
mW-excitation with a 405-nm laser diode being operated at less than
~100 mW, a high-performance Ge photodiode, a cube beam splitter
with a 10:90 (R:T) split ratio for 1100-1600 nm (BS045, Thorlabs), and
a home-built temperature control system (Lakeshore 335 and Cryocon
22C) for presetting and controlling temperature. In all measurements
the samples were mounted on the cold head of a Helium closed cycle
cooler. This allows for temperature adjustment from 4 K to ambient.

3. Results and discussion
3.1. Optimization of deep cooling process
As previously pointed out, the DC treatment can improve the PL ef-

ficiency of Er/O-doped silicon by nearly two orders of magnitude, in
comparison with the standard rapid thermal annealing [12]. To further
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optimize it, we first annealed the Er/O-implanted silicon samples at
different temperatures in the range of 800-1100 °C. PL spectra were
then characterized with high-resolution FTIR spectrometer by using a
405-nm diode laser as light source. The results indicate that the PL in-
tensity, featuring a main peak at 1536 nm (6510 cm™ 1), rises by an order
of magnitude when the annealing temperature increases from 800 °C to
950 °C, as shown in Fig. 1 (a) and (b). Further increase in temperature
will significantly quench the PL. This trend is similar to the literature
reports [26,27]. The decrease in luminescence beyond 950 °C is ascribed
to the dissociation of Er-O radiative centers [26,27]. It thus suggests
there is a critical annealing temperature at 950 °C that benefits the NIR
emission for our Er/O-doped silicon. At this critical temperature, we also
extended the annealing time from 0.5 min to 30 min. Fig. 1 (c) and (d)
show that an annealing duration of 5 min can produce a relatively more
intensified PL for Er/O-doped silicon.

Note that the improvement of luminescence efficiency of Er/O co-
doped Si samples was attributed to the suppression of the precipita-
tion of Er/O-related composites, as discussed in our previous works [11,
12]. Therefore, the cooling rate should have a significant impact on the
PL intensity of Er/O-doped silicon. For this reason, we ramped up the
cooling rate by increasing the flow rate of He gas from 100 mL s~} to
300 mLs . As observed in Fig. 1 (e) and (f), the PL intensity of Er-doped
silicon experiences a monotonous growth when the cooling rate accel-
erates to —500 °C s~ . The timely cooling process suppresses the growth
of EryO3/ErSij 7 precipitations, resulting in a strong room-temperature
PL emission at 1.54 pm from the samples [12]. It is noted that the
samples can be cooled sharply to room temperature in less than 2 s via
our upgraded dilatometer. In view of this, if processed properly, the
samples might emit more powerfully by means of other cooling pro-
cedures at nanosecond level, such as excimer laser annealing [28].

3.2. The concentration and ratio of Er and O dopants

According to Kimerling (1991, Reference [29]) and Kenyon (2005,
Reference [9]), co-doping with some electronegative impurities such as
carbon, oxygen, or fluorine can improve the spectral performance by
providing a solvation environment around Er®* ions. In this work, O and
Er dopants with six different ratios from 0.05 to 3.5 were implanted (see
the section of Materials and methods). After DC treatment, the measured
PL results were analysed in Fig. 2 (a). It indicates that the PL intensity
increases steadily as the O:Er ratio rises from 0.05 to 2.5. After that,
there is an unexpected reduction at 3.5. Clearly, the optimal O:Er con-
centration ratio is ~2.5, a little higher than the results in SOI samples
[13].

To map the spatial distribution of Er and O elements in crystalline
silicon, atom probe tomography (APT) was performed in a Cameca LEAP
4000X SI in laser mode with the following parameters: temperature 20
K, pulse repetition rate 200 kHz, laser energy 40 pJ, and target evapo-
ration rate 0.5%. The APT analysis shows that the exact O:Er ratio is
approximately 1.5, less than the nominal value of 2.5, due to the ag-
gregation of Er atoms [12]. It suggests that Er binds with O in the form of
Ery0s-like composites, resulting in the strongest light emission at 1.54
pm. Since the concentration of Er dopants also has a significant impact
on the PL properties, samples with Er concentrations between 8.0 x
10'° cm™ and 1.2 x 10! cm™3 were further investigated. Despite
having a different O:Er concentration ratio (1.5:1, blue dots and 2.5:1,
red dots in Fig. 2 (b)), both curves reached a peak of PL intensity at an
identical Er concentration of 8.0 x 10%° cm™3, far beyond the solubility
limit of Er in silicon.

3.3. Temperature- and excitation power-dependent PL

To understand the luminescence mechanism of DC-processed sam-
ples, temperature- and excitation power-dependent PL measurements
were further conducted (see the section of Materials and methods).
Fig. 3 (a) is the PL spectra of Er/O-doped silicon at increasing
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Fig. 1. (a) PL spectra and (b) peak intensity at 6510 cem!of Er/O-doped silicon treated with different annealing temperatures, (c) and (d) different annealing times,
and (e) and (f) different cooling rates. In (b), (d), and (f), each data point is presented as average + standard deviation from three independent samples, and the dash
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Fig. 2. PL intensity at 6510 cm ™!, measured at 300 K, of Er/O-doped silicon as a function of (a) O:Er ratio (black squares) and (b) Er concentration (blue squares, O:
Er = 1.5: 1; red dots, O:Er = 2.5 : 1). In both (a) and (b), the dash lines are guides for the eye.

temperature from 4 K to 300 K. It is well known that the emission
originating from an intra-4f transition of Er has nearly no shift in
wavelength no matter how the surrounding temperature changes. As
shown in Fig. 3 (a), the PL maximum of Er/O-doped silicon is merely
located at 6510 cm ™! (1536 nm, peak 1), despite a seven-fold thermal
quenching of its intensity as temperature increases from 4 K to 300 K.
Notably, there is always a resolved shoulder at 6472 cm™! (1545 nm,
peak 2) in all PL spectra. Referring to Hughes et al. [30], a total of 17
peaks including hot lines from the Er-related cubic and non-cubic
symmetry centers had been identified between 6000 cm™! and 6750
em™!. As for our Er/O-doped Si samples, almost a comparable amount of
peaks can be accordingly fitted out with Gaussian functions [31,32],
among which two diverse ones at 6472 cm™! and 6510 cm™! can be
attributed to the O coordinated Er center with non-cubic symmetry
(Fig. 3 (b)).

As the laser pump power ramps up from 0.1 mW to 100 mW, the PL

intensity of Er/O-doped Si increases as illustrated in Fig. 3 (c). When the
integrated intensity of peaks 1 and 2 are separately plotted versus
excitation power in Fig. 3 (d), both curves are sublinearly dependent on
the excitation power (Ipy, « P%%) in the low power regime, owing to the
impurity- or defect-related emission in Er/O-doped silicon [9]. What is
more important, these two curves are parallel in the low power range,
making their intensity ratio independent of the excitation power [33,
34].

3.4. Fluorescence ratiometric thermometries

The aforementioned fact that the intensity ratio of peaks 1 and 2 are
independent of the excitation power is reasonable, because these two
peaks are the transition from the 4113/2 manifold of Er ions due to stark
splitting. The ratio of their intensity is determined by how excitons
statistically distribute among them, which is governed by the Boltzmann
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distribution. As a result, the intensity ratio of these two peaks is sensitive
to temperature [35]. Apparently, a temperature sensor can be made by
monitoring the intensity ratio of these two PL peaks, which is defined as
the thermometric parameter R [36,37]. Upon the excitation at 405 nm,
the temperature-dependent R results are presented in Fig. 4 (a). It shows
that R is mostly sub-linear with the surrounding temperature in the low
temperature region (4 K < T < 200 K). Previously, a prototype of tem-
perature sensors had been advised in the use of fluorescence decay for
Er-doped silicon, which operated over the range 40-150 K [22,38]. Note
that a comparatively wider temperature range downwards to 4 K has
been realized for our Er/O-doped silicon phosphors. By regression
analysis of the data in Fig. 4 (a), the relationship between R and tem-
perature (T) follows the equation below:

R=0.474 4+ 0.00122T (@)

Based on the curve in Fig. 4 (b), an activation energy of ~4.7 meV
can be extracted. This fitted value is close to the actual energy difference
between the first and second 4113/2 sublevels. The absolute sensitivity
(S2) is then given by S, = RAE/kT?. As shown in Fig. 4 (c), it goes up

(b)

Excitation power (mW)

steadily with a representative value of ~11.7 x 1072 K~! at 50 K as the
temperature decreases from room temperature. These values even sur-
pass the corresponding results obtained with erbium-doped glass sensors
above room temperature [39]. In fact, by DC treatment, the nonradiative
transition in our Er/O-doped silicon is negligible at low temperatures,
exhibiting a near-unity internal quantum efficiency at 4 K, which makes
it more suitable in the cryogenic temperature range [12]. As such, it is
rational to deduce that the measurement principle on the basis of fluo-
rescence ratiometric emission by Er/O-doped Si is feasible at cryogenic
temperature.

The applicability of this fluorescence ratiometric strategy in thermal
sensing was then demonstrated through the experimental scheme as
depicted in Fig. 5 (a). The detailed description is presented in the section
of Materials and methods. After being heated up to a certain temperature
in Fig. 5 (b), the intensities of peaks 1 and 2 for the sample were
measured and the corresponding R was calculated. By substituting R to
equation (1) above, we derived the average temperature as well as the
thermal sensing accuracy of Er/O-doped silicon as illustrated in Fig. 5 (c)
and (d). The read-out temperature agrees well with the preset values

~
(]
~—

1.0 0.75 15
_0.8{ slope=0.00122 0.701 b 121 i
- 2 =0.996 2ol §
= 0.654 RS
=,0.6 x = \
£ 0.60- z % &
0.4 § 3] T .
0.551 - .
0 80 160 240 4 8 12 16 20 60 120 180 240 300
Temperature (K) 1000/T (K" Temperature (K)

Fig. 4. (a) Fluorescence intensity ratio as a function of temperature. Fit of Eq. (1) to R(T) is depicted as a solid line. (b) Arrhenius plot of intensity ratio vs. inversed
temperature by R = B exp(-AE5;/kT), where AEs; is the energy gap between the first and second coupled sublevels of “I;5/5, B the proportionality constant, k the
Boltzmann constant, and T the temperature of samples. The derived activation energy is then indicated. (c) Temperature sensitivity as a function of temperature. The
dash line is a guide-to-the-eye.
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Fig. 5. (a) Schematic diagram of experimental setup for fluorescence ratiometirc thermometry. (b) Temperature-dependent emission spectra of Er/O-doped silicon
phosphors. (c) Temperature read-out by using the linear equation derived from the regression analysis of R vs. T in (b). (d) Temperature accuracies (|AT]|) of the

ratiometric thermometry based on Er/O-doped silicon phosphors.

with a high resolution less than 1.0 K. As these results were realized on
our Er/O-doped silicon, the development of sensors and actuators is
promising for fully integrated silicon photonics in the future.

4. Conclusion

In summary, a series of DC conditions such as annealing temperature
and time, along with cooling rate, have been well defined to beef up the
PL intensities of Er/O-doped silicon. The results revealed that annealing
at 950 °C for 5 min, and then cooling down at a rate larger than —500 °C
s~! can boost the PL intensity, likely resulting from the more orderly Er
distribution. In addition, co-doping of oxygen with an optimal O:Er ratio
of ~2.5 can benefit Er radiation in crystalline silicon. A fluorescence
ratiometric thermometry has been demonstrated by the thermal
coupling of Er sublevels at communication wavelengths. This work may
pave the way for developing fluorescent sensors in extreme environ-
ments based on rare-earth-doped silicon.
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