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Towards Cryophotonics: Experimental
Characterization of SOA at
Cryogenic Temperatures

Maeva Franco”, Pascal Morel

Abstract—We present an experimental system study of the influ-
ence of cryogenic temperatures on the performance of a commercial
Semiconductor Optical Amplifier (SOA) over the range 240 K — 70
K. Significant performance improvements were observed when the
SOA is in cryogenic conditions. At 70 K and 100 mA we were able
to measure a gain as high as 52 dB. At 240 K, only 50 mA of input
current are necessary to reach a gain of 37 dB, and a noise figure of
3.8 dB, close to the theoretical limit. The SOA efficiency at power
saturation, rises from 2.2% at ambient temperature up to 41% at
100 mA and 120 K.

Index Terms—Amplification efficiency, cryogenic temperatures,
gain, noise figure, output saturation power, semiconductor optical
amplifier.

1. INTRODUCTION

ECENT research shows that semiconductor optical am-
plifiers (SOAs) could be an alternative solution for optical
amplification in future optical networks [1], [2]. In addition to
the amplification of optical signals, SOAs are also used in optical
switching and optical signal processing [3], [4], [S]. For all the
applications based on SOAs, the system performances depends
on the SOA’s static and dynamic characteristics such as gain,
optical gain bandwidth, output saturation power and noise figure.
Cryogenic environments are often used to reduce noise from
detectors [6], for example in infrared imaging applications. The
association of photonics and cryogenic temperatures, referred
as cryophotonics, can improve the gain (G), noise figure (NF)
and amplification efficiency (1) of a SOA.
Several studies on different photonic devices including lasers,
SOAs and photodetectors showed that the temperature is a
critical parameter which influences the performance [7], [8],
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TABLE I
SOA CHARACTERISTICS GIVEN IN THE MANUFACTURER’S
DATASHEET AT 293K, 500 MA AND 1550 NM

Gain, dB 37.4
PDG, dB 2.3

NF, dB 11.2
Psat, dBm 15.3

Input facet: 0.8
Coupling losses, dB
Output facet: 0.9

[9], [10], [11], [12], [13], [14]. Several investigations focusing
mainly on semiconductor lasers have been conducted to extract
the temperature dependence of physical parameters such as band
gap energy [15], carrier mobility [16], [17], effective masses
[18], carrier lifetime [19], internal losses («) [19] and recom-
bination terms [17], [20], [21]. Under cryogenic conditions,
most of the results obtained at material level show performance
improvements relative to room temperature. However, to the
best of our knowledge, no commercially available SOAs have
been evaluated down to cryogenic temperature from a system
point of view. It is not obvious to extrapolate a system behav-
ior from the material level study. In this paper, we give the
experimental static characterization results for a commercial
SOA (CIP SOA-XN-OEC-1550) mounted in a butterfly package
for temperatures between 240 K and 70 K. We measured the
SOA Amplified Spontaneous Emission (ASE), bias voltage,
gain, and output optical power. Other related characteristics
such as optical gain, optical gain bandwidth, noise figure, and
output saturation power are evaluated based on the measured
data. The SOA characteristics at room temperature are given in
Table L.

II. PRESENTATION OF THE CRYOGENIC TESTBENCH AND
CALIBRATION

A. Cryogenic Setup

Fig. 1 shows a synopsis of the testbench. The SOA is placed
inside a cryostat under vaccum (10~% mbar) and connected to
a cryocooler (not represented in the synopsis) able to cool the
SOA to temperatures from 240 K down to 70 K. The SOA is
driven by a DC current source (Ipj,s) in the range 20 mA to
100 mA while a voltmeter monitors its bias voltage (Vpias) with
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Fig. 1. Synopsis of the cryophotonic test bench. A represents the tunable laser
source, Att is the attenuator, PC the Polarization Controller, Sw1 and Sw2 are
2 x 2 optical switches and the OSA is the Optical Spectrum Analyzer. A
cryocooler is connected to the SOA to set the temperature. The SOA is fed
by an electrical current Ip;,s While monitoring the bias voltage with a 1 mV
precision voltmeter. P;,, and P,,; are respectively the measured SOA input
and output powers.

1 mV precision. A tunable laser source generates an optical input
signal. This is followed by an optical attenuator (Att) used to
adjust the SOA input power P;,, a polarization controller (PC)
and an optical switch (Sw1). The SOA output is connected to
the Optical Spectrum Analyzer (OSA) through an optical switch
(Sw2). The two switches are used in conjunction to measure the
injected optical power at the SOA input (F;,,) via Swl and Sw2
in bar mode while taking into account all the device insertion
losses. The ASE power P,,. at the SOA ouput is obtained by
setting Sw1 in bar mode and Sw2 in cross mode. The ouptut
power P,,; consisting of the amplified input power to which the
ASE power P, is added, is obtained by setting Sw1l and Sw2
in cross mode.

Except for the polarization control, the test bench is fully
automated with a python program using in particular numpy
[22], matp lotlib [23] and panda [24] libraries. This allows
characterization of the ASE, the bias voltage, the gain and the
noise figure as functions of the temperature, the bias current, the
input power and the wavelength, for minimum and maximum
polarizations. The bias current is applied during the cool-down
phase. Once the temperature has stabilized (with 0.1 K precision
measured in the cryostat) the ASE spectrum is measured without
optical signal injection. Since the peak gain shifts with temper-
ature, the study cannot be done at a fixed signal wavelength.
We therefore set the signal wavelength for each temperature at
the gain peak. We then set the polarization of the optical input
signal by minimizing or maximizing the output signal. Finally,
we sweep the remaining parameters (wavelength and optical
input power). These steps are repeated at several temperatures
and then, at several bias currents.

B. Coupling Losses Calibration

As a first approach we computed the gain using the collected
raw data. Analyzing the data and specifically the gain spec-
tral shape, we found that the coupling losses inside the SOA
butterfly package increased as the temperature decreased due
to misalignment of the coupling fiber. We recall here that the
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Fig.2. Model diagram of the SOA packaging. L;, and L+ are the coupling
losses. R1 and Ry are the reflection coefficients. G5 is the single-pass gain. G
is the gain at chip level. G, is the gain at package level.

SOA we characterized is acommercial SOA, designed to operate
between 15°C and 40°C.

To take into account these temperature-dependent coupling
losses, we introduce L;,, and L, as respectively the input and
output coupling losses inside the SOA butterfly package. G is
the gain of the SOA chip inside the package considering the
single pass gain G5 and the reflectivity coefficients R and Ra.
Fig. 2 is a model diagram to illustrate the different terminology
mentioned in this paper. The measured output and input power
(respectively P,,: and P;,) are then linked by the following
equation.

Pout = PinLinLoutG + Pase (1)

To estimate the coupling losses at a given temperature, we
determine the gain transparency current (/4,-) for which the SOA
gain is equal to one. I, is estimated from the measurement of the
SOA output power as a function of its bias current for a constant
optical input power. I, is estimated using a first-derivative
method based on reference [25]. The cumulative losses in dB
(|101og(Lipn Lout)|) are extracted from (1) with G = 1.

Fig. 3(a) shows the evolution of the cumulative coupling
losses as a function of the temperature. At room temperature
the manufacturer’s values are 0.8 dB at the input facet and 0.9
dB at the output facet (Table 1), whereas we measured a total
of 1.5 dB for the two facets. As the temperature decreases the
coupling losses increase, as shown in Fig. 3.

The vertical arrows represent the precision of the measures.
They have been estimated considering the error we could have
made while estimating the bias current. For instance, at 120 K,
if we make an error of + 0.1 mA on the measured bias current,
we can make an error of about + 1.6 dB.

In Fig. 3(b), the measured ASE output spectrums, without
signal injection, at both SOA facets show that a slight dif-
ference d,s. (dB), appears at low temperature unlike at room
temperature. This is due to an inhomogeneous coupling fiber
misalignment at both SOA facets. d, . is thus related to L;,, and
Lout by: Ly, (dB) - Lout(dB) = dgse-

C. Polarization Dependent Gain Assessment

The Polarization Dependent Gain (PDG) is enhanced when
lowering the temperature. For the studied commercial SOA, the
physical reasons of this dependence of polarization on temper-
ature are not well understood as information concerning the
structural design is unavailable. In general PDG can be attributed
to several parameters such as the confinement factor, mechanical
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Fig.3. (a) Cumulative coupling losses (dB). The dots are the values calculated

using (1) at I = I+, ateach temperature (70 K, 120 K, 180 K, 240 K and 293 K).
The dashed line is a linear trendline. (b) ASE spectrum of the SOA at the input
(ASEin) in black and output (ASEout) in orange (b-1) at 240 K and 100 mA
(b-2) at 200 K and 100 mA (b-3) at 150 K and 50 mA and (b-4) at 70 K and
20 mA. The OSA resolution is set at 0.1 nm.

stresses and inhomogeneous thermal strain effects [26], [27].
As we cannot identify TE/TM modes in our fibered setup, we
only measured the minimum and maximum gain as a function
of the polarization, giving respectively G,y and Gpax. Fig. 4
presents the evolution of the PDG Gax(dB) — Guin(dB) as a
function of the temperature and for three SOA bias currents, for
P;, = -30 dBm. The PDG reaches a maximum value of about
21.5 dB at 100 mA and 100 K, while for 293 K the datasheet
specifies 2.3 dB at 1550 nm, 500 mA, and P;;, = -30 dBm.
This PDG is not negligible and must be taken into consideration
when calculating the noise figure. It should be noted that the
scatter of the measured PDG points in Fig. 4 is caused by gain
ripple (Fig. 7(a), (b)), as described in paragraph III-B-i. In this
paragraph, comparing Figs. 4 to 7, the ripple amplitude increases
as the scattering of the measured PDG increases.

III. EXPERIMENTAL RESULTS OF THE SOA STATIC
CHARACTERISTICS VERSUS TEMPERATURE

In this section we present the results obtained through the
static study. Firstly, we discuss the ASE power and the SOA
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Fig. 4. Polarization dependent gain versus the temperature at (a) 100 mA,

(b) 50 mA and (c) 20 mA.

bias voltage. Secondly, after defining the gain G and NF equa-
tions, we present their evolution as function of the temperature.
Finally, we determine the output saturation power and the power
efficiency of the SOA. All these characteristics are given at the
SOA chip level.

A. ASE and SOA Voltage

Fig. 5 presents the measured ASE spectrum as a function of
the wavelength at different temperatures and without injecting
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Fig. 5. Amplified spontaneous emission spectrum at various temperatures at
(a) 100 mA, (b) 50 mA and (c) 20 mA with an OSA resolution of 0.1 nm.

any optical input power. As the temperature decreases, the ASE
peak value increases and shifts towards lower wavelengths and
the ASE bandwidth is reduced (from 34 nm at 240 K to 7.5 nm
at 70 K at 100 mA). This wavelength shift when lowering the
temperature is linked to an increase in the energy bandgap of
the semiconductor. This result was expected and was already
observed over a smaller temperature range on a semiconductor
laser diode [15].

Fig. 6 shows the evolution of the SOA bias voltage V.5 as a
function of the temperature and bias current. Vjj,s is defined as
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Fig. 6. Bias voltage of the SOA at 100 mA, 50 mA and 20 mA as a function
of temperature.

Viias = Ri X Ipias + Vg, where I, is the SOA bias current, R;
the resistivity outside the SOA active layer, and V; the voltage
across the SOA active layer. The temperature dependence of Vs
arises mainly from the temperature dependence of the carrier
mobility which results in R; being proportional to 73/2 [16],
[17]. V4, which is a function of the quasi Fermi levels of the
conduction and valence bands, also depends on the temperature
[28].

B. Gain, Noise Figure and Output Saturation Power

1) Gain Ripple: When the temperature is lowered, gain rip-
ple appears as visible around the ASE spectrum peak shown in
Fig. 5(a). This ripple is related to the residual reflectivities of
the SOA cavity where the SOA gain G and the gain ripple depth

AG = gli" are described by (2) and (3) [29], [30]:

(1-—R1)(1—Rs) G,

G= )
(1 — VR RyG)’ + 4y/Ri RyGsin® ()
Aq — Cmax _ (1 + \/Rl_RQGS>2 )
~ Gmin \1—VRRyG,

where, 71 and R, are the reflectivity coefficients of the SOA
cavity, G is the single-pass gain, and ¢ = % with L the
length of the cavity, n. the effective index and A the wavelength.

In Fig. 7(a), we show the measured gain ripple relative to
the gain peak wavelength as a function of the temperature. For
a SOA bias current of 100 mA, the gain ripple peak to peak
amplitude increases as the temperature is reduced and reaches
6.8 dB at 70 K (Fig. 7(b)).

The ripple given by AG (3) increases with the gain enhance-
ment for given R; and Ry coefficients.

We also observe an evolution of the periodicity of the ripple
with temperature which confirms that a refractive index change
occurs in the active layer of the SOA. Assuming a constant length
of 3 mm, we can infer a refractive index variation of about —0.05
per Kelvin.
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2) Noise Figure Measurement: The noise figure which quan-
tifies the electrical signal to noise ratio degradation of an am-
plified optical signal in a SOA can be related to its intrinsic
parameters and can be expressed in dB at its chip level as
follows [31]:

r
NF = 3+10log (Fg)
g—«

— 10log (1 — eho/hlgTAEF)

“)
where I' the optical confinement in the active layer, g the
material gain and « the total internal propagation losses. AEg
is the separation between quasi-Fermi levels. he/A is the photon
energy where A is the wavelength of the optical input signal.
A Er corresponds to the energy where absorption and stimulated
emission have the same probability. In the amplification range,
we have he/A — AEp < 0. It has recently been demonstrated
that a low and flat NF can be obtained by reducing the term

e S using high A E material [31]. Alternatively, the NF
can be reduced by reducing the temperature via the two tem-
perature dependent terms in (4). For a constant he/A — AEp,

. he/i-AE
the exponential term e ™ *7 * tends to 0 when the temperature
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TABLE I
GAIN AND NOISE FIGURE AT DIFFERENT CURRENTS AT 293 K. THE DATA AT
500 MA ARE ADAPTED BY CONSIDERING THE COUPLING LOSSES FROM THE
DATASHEET. THE DATA AT 85 MA, 50 MA AND 20 MA ARE MEASURED

1 (mA) Gain (dB) NF(dB) Wavelength(nm)
500 39.1 10.4 1550
85 15.8 10.1 1570
50 -1.4 15.4 1570
20 High absorption regime 1570

decreases. In addition, o losses in the SOA active region decrease
[19] and 1010g(F§fa) tends to 0. Thus, as the temperature is
reduced, the calculated NF decreases and could approach the
theoretical limit of 3 dB.

The NF can be experimentally determined at the receiver level
using the output ASE power, the gain and the bandpass of the
measurement device (in our case, the OSA).

In order to estimate the NF, we use the gain and ASE power at
the chip level, including the coupling losses. The gain is obtained
from (1):

o 1 Pout - Pase
B LinLout P’L

G 5)
where P,,. is the ASE mean power measured at the same
wavelength as the signal with 0.1nm OSA resolution.

As seen in Section II.C the PDG is not negligible as temper-
ature decreases and has to be considered for the noise factor
evaluation. Considering the signal to ASE beating noise and the
shot noise, the noise factor for the maximal gain polarization is
given by [32]:

1 2P,

Enax = +
Gmax LoutGmax (1 + 72:;2) hVBopt

(6)

where hv is the photon energy, B, the optical resolution of
the OSA, Gax and G, the measured gain for a polarization
where the SOA gain is respectively maximized and minimized,
and Ppse /Loy is the chip ASE power in B,,,; bandwidth under

the output signal. L,,,; can be written as L, = L(l/ 21+¢) where
L are the total losses and ¢ is the asymmetric ratio between L;,,
and Ly, with —1/2 < e < 1/2. Considering Gpax > 1, we
can write:

2L (1/ 2+5> P,..
@)

Grnax (14 G232 ) hw By

Fmax ~

NF = NFtot+5X1010g(L): NFEiot + dase (8)
with,

1
2L 2P,

NFtot = 10 log
Grnax (14 G52 ) hv By

©))

Table II gives the gain and the NF at room temperature (293 K)
for an input power P;,, of —30 dBm. The data at 500 mA are
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Fig. 8.  Gain spectra at (a) 100 mA, (b) 50 mA and (c) 20 mA. From darkest

to lightest, the temperatures are 240 K, 210 K, 130 K and 70 K.

from the datasheet, the ones at 20 mA, 50 mA and 85 mA, are
measurements.

3) Gain and Associated Noise Figure: In Fig. 8, we present
the gain spectrum at several temperatures (240 K, 180 K, 120 K
and 70 K). As observed for the ASE spectrum in Fig. 5, there is a
shift towards smaller wavelengths and the bandwidth narrows as
the temperature decreases. Moreover, below 180K, gain ripple
appears where the gain is much higher. It is due to the residual
reflectivities at the SOA facets, which are estimated from (3),
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of about 1073 The inset in Fig. 8(a) represents the gain ripple
around the gain peak at 70 K.

In Fig. 9, we present the maximal spectral gain value, at
several currents (100 mA, 50 mA and 20 mA), for an optical input
power P;;, = —30 dBm. The results presented in Fig. 9 are not
for a given wavelength. Therefore, the input signal wavelength
is adjusted as a function of the temperature and of the current,
to follow the gain spectral peak shift. While a constant input
power is applied to the butterfly package (P, = -30 dBm),
the SOA chip input power varies from —32.9 dBm at 240 K to
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TABLE III
NOISE FIGURE (DB) + 0.5 DB 1S THE ESTIMATED UNCERTAINTY COMING
FROM THE GAIN TRANSPARENCY CURRENT METHOD. THE UNCERTAINTY
CAN LEAD TO NF VALUES BELOW THE THEORETICAL LIMIT OF 3 DB
WHICH IS IN COMMON USE AS IN [33]

NF (dB)
240 K 220K
1 A& 0
100 mA 4.7+0.5
50 mA 3.8+0.5 4.4+0.5
20mA 5.6+0.5 3.4+0.5

—42.8 dBm at 70 K due to the temperature dependent coupling
losses. To obtain the ASE power under the signal as defined
in the noise factor definition in (9), we use an averaged ASE
power value. This means that above a given gain value, while
the output power is impacted by the ripple, the ASE oscillations
are smoothed. Therefore we only represented in Table III NF
values with SOA gain ripple less than 1 dB corresponding to a
maximum gain of about 40 dB.

A first result is that for all three currents the gain increases
as the temperature decreases and the calculated noise figure
remains below 7 dB. A second result is the reach of a gain as
high as 52 dB.

Finally, as discussed in Section III-B-2, the NF decreases as
temperature lowers (Table IIT). We were able to measure the NF
only at 240 K and 220 K. As the equation of the NF (9) takes into
account the coupling losses, we consider the uncertainty of this
measurement on the results of the NF, where the error is indicated
in Table III. Such low values very close to the theoretical limit
can be attained in conjunction with a high gain. At only 20 mA
and at 220 K, a gain of more than 30 dB is obtained with a NF as
low as 3.4 dB. As the NF tends towards the theoretical limit at
lower temperature, we were not able to estimate accurately the
NF value with the current precision measurement method of the
coupling losses.

For comparison, at room temperature we can extract from
the datasheet (Table I) a gain of 39.1 dB with a noise figure of
10.4 dB for a current of 500 mA. When cooled to 240 K, a bias
current of 50mA is enough to reach a gain of 37 dB and a noise
figure of 3.8 dB.

Another interesting result is the operating point at 20 mA.
At room temperature this current is well below the gain trans-
parency current, thus the SOA is in high absorption regime
(Table IT). Decreasing the SOA temperature lowers I;,. [34] and
makes it possible to reach an amplification regime (with a gain
of more than 40 dB) with such low currents.

4) Output Saturation Power and Maximum Power: In
Fig. 11, we present the gain as a function of the optical output
power considering coupling losses, here again at the gain spectral
peak. In Table IV, we give both the output saturation power at
—3 dB (P_34p) and the output maximum power (Pax). Pmax
is the maximum output power delivered by the SOA. P_sgp is
the output power corresponding to a 3 dB drop of the gain.
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TABLE IV
OUTPUT SATURATION POWER AT —3 DB (P_3 pp) AND OUTPUT MAXIMUM
POWER (Py;,x) IN DBM FOR 240 K, 180 K, 120 K AND 70 K
AT 100 MA, 50 MA AND 20 MA

P*3d8 / Pmax (dBm)
2 1 12
I (mA) T (K) 40 K 80K 0K 70K
100 mA 12.4/14.4 16.8/18.1 17.7/18.9 15.9/18.7
50 mA 85/10.8 | 12.2/147 | 11.5/15.2 | 11.3/14.2
20 mA 0.4/4.0 7.6/9.7 8.8/10.4 7.0/9.9
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Fig. 11.  (a) is the ASE power efficiency as a function of the temperature at
100 mA, 50 mA and 20 mA. (b) and (c) are the power Amplification Efficiency
(%) respectively at the output saturation power and the maximum power.

From Table IV, we can see that at a fixed temperature, when
the current increases both P_3dB and P, increase. At a fixed
current, down to 120 K, P_34g and P,,. increase and decrease
at 70 K. The constructor’s datasheet indicates a saturation power
of 15.3 dBm at 293 K and 500 mA which is lower than P_345 for
temperatures at 180 K, 120 K and 70 K at 100 mA. We measured
a saturation power P_sqg of 16.8 dBm at 180 K and 100 mA.
Also, we could reach a maximum output power of 18.9 dBm at
120 K and 100 mA.
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C. ASE and Amplification Efficiencies

In the preceding sections, we showed that cryogenic temper-
atures improve the SOAs static performances in terms of gain,
noise figure, and saturation power.

In Fig. 11(a), the ASE power efficiency is defined as 7,5, =
Puse/ Proias as a function of the temperature, where P, is
the chip total ASE power without injecting optical signal. This
shows the increasing electrical-to-optical conversion efficiency
when no signal is injected as the temperature is lowered.

We define the power amplification efficiency (1) as being
the ratio between the optical output power and the total optical
and electrical input power of the SOA. This is similar to what
has been done in [35]. However, because P;,, is small compared
to Pias, both definitions are equivalent. The SOA amplification
efficiency is given by:

Pout - Pase

— Towt T~ Tase (10)
g Py + BPhias

where P, ;. and P;,, are respectively the chip ASE power and the
input optical power. P,,; is the chip cumulated output optical
power including the amplified signal and the ASE at the central
wavelength. All the optical powers consider the coupling losses.
Phias 1s the electrical power at the terminals of the SOA with
Pias = Ibias X Vbias-

In Fig. 10 (b) and (c), we show the amplification efficiency
as a function of the temperature at 100 mA, respectively at
P,y = P_3qp and at P,,; = Py ax using (5). The wavelength
is set at the gain spectral peak at each temperature. According to
the SOA’s datasheet, at 500 mA and 1550 nm, at the saturation
power of 15.3 dBm, the efficiency is only 2.19%. However,
when cooling the SOA down to 120 K, at 100 mA, the effi-
ciency at P,,; = Ppax increases to about 41%. At maximum
power, the efficiency could reach 56% at 120 K and 50 or
20 mA. The remaining power is lost in heat and in the ASE
power.

IV. CONCLUSION

We have been able to show that the SOA temperature is an
additional degree of freedom. We showed dramatic improvement
of the system performances in cryogenic conditions, allowing
new applications for this component. The main results were a)
a gain as high as 52 dB at 70 K and 100 mA; b) a very low noise
figure of 3.4 at 220 K and 20 mA close to the theoretical limit of
3 dB; ¢) a higher saturation power P_s3gg of 17.7 dBm at 120 K
with only 100 mA versus 15.3 at room temperature and 500 mA;
d) a high maximum power of 18.7 dBm at 100 mA and 70 K; e)
a SOA efficiency of 41% at 120 K, 100 mA and P,,;: = P_34s
versus 2.2% at room temperature and 500 mA. In addition to the
mentioned improvements, the spectral amplification window is
modified. We observe a blue shift of the peak gain wavelength
as well as the narrowing of the spectra when the temperature is
lowered. These results demonstrate the potential for the associ-
ation of photonics and cryogenics in a discipline we refer to as
cryophotonics.
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Such results were obtained with a commercial SOA designed
to operate at room temperature, resulting in increasing cou-
pling losses, gain ripple and PDG as the temperatures lowers.
We could benefit from the conception of a SOA designed for
cryogenic environment use. In particular, the coupling losses
should be optimized for the required cold temperature by devel-
oping appropriate alignment procedures or material selection
[36], [37]. For the gain ripple, since the device delivers high
gains at cold temperatures, the residual reflection coefficient
should dramatically be reduced below our estimation of 107,
in order to be adapted to higher gains. Finally the PDG could
be minimized by optimizing the design of strained SOAs at the
desired temperature.

Cryophotonics pave the way for new applications of SOA
such as Low Noise SOAs or very high switching extinction ratio
with low bias current variation.
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