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Modeling of Amplitude Squeezing in a
Pump-Noise-Suppressed Interband
Cascade Laser

Shiyuan Zhao

Abstract—A semi-classical rate equation model for the am-
plitude squeezing of mid-infrared interband cascade lasers is
presented based on Green’s function method. We analytically inves-
tigate the squeezing performance through a small signal analysis,
where an additional partition noise in the output power is consid-
ered because of the anti-correlation between photons reflected and
transmitted at the output laser facet. Thus, the squeezing effect
can be achieved in the low frequency region with noise-suppressed
pump. Amplitude squeezed states in interband cascade lasers can
qualitatively be evaluated depending on the pump noise conditions.
Such ultra-low amplitude noise laser sources enable various ap-
plications such as high precision measurements, metrology, and
spectroscopy range where squeezed states can be used to replace
current shot-noise limited laser mid-infrared sources.

Index Terms—Semiconductor lasers, relative intensity noise,
amplitude squeezing light, mid-infrared sources.

I. INTRODUCTION

ON-CLASSICAL or “squeezed” state of light has been

widely studied over the last few decades [1]-[3]. The
so-called “squeezed” state has less fluctuations in one quadrature
component than a coherent state but at the expense of increased
fluctuations in the other quadrature components due to the
Heisenberg’s uncertainty relation. In quantum physics, coherent
states usually have equal variance for each of the two quadrature
components, while the quadrature variances of the squeezed
states are not equal but the minimum-uncertainty relationship
is still preserved. Consequently, as observed in this experiment,
the noise level of these squeezed fields can be reduced below
the shot-noise limit, which is featured by the coherent fields.
Squeezed states of light offer intriguing potentials in different
types of applications, such as quantum optical communications
[4], precision measurements for gravitational wave [5] and
quantum sensing [6]. The generation of squeezing light from
a semiconductor laser has several significant advantages over
other methods. Amplitude-squeezed states of light generated
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from semiconductor lasers exhibit a wideband squeezing, in-
tense optical power, and narrow frequency linewidth. Also,
semiconductor lasers can generate brightly squeezed light rather
than squeezed vacuum light namely because the squeezing is set
up on large steady-state optical fields. The initial experimental
production of squeezed states directly from semiconductor lasers
was demonstrated by Yamamoto et al. [7], which showed the
possibility of generating intensity squeezing light with high-
impedance suppression for pump-amplitude fluctuation. There-
fore, squeezed states can be used to replace current shot-noise-
limited laser sources in many applications where ultralow laser
noise below the standard quantum limit is required. Additionally,
for many applications, such as quantum key distribution with
entangled photons, a large squeezing bandwidth is also desir-
able for achieving high-speed communications. Finally, recent
studies also reveal the feasibility of squeezing generation method
on cavity-enhanced nanolasers [8].

In this work, we address a novel class of quiet-light optoelec-
tronic devices operating in the mid-infrared window in which
the photon-number fluctuations are suppressed below normal
shot-noise levels. To this end, interband cascade lasers (ICLs)
emitting in a broad wavelength range of 3-6 ym are considered.
The active region is usually composed of many stage cascade
periods of type-II quantum wells (QW). As shown in Fig. 1, ICLs
combine the relatively long upper-level recombination lifetime
and the power-efficient cascading mechanism which can gen-
erate coherent light via interband transitions [9]. Consequently,
their active medium is different from that of quantum cascade
lasers (QCLs) in which photons are emitted from intersubband
transitions. On top of that, the power consumption of ICLs is
one or two orders of magnitude lower than the QCL coun-
terparts which is meaningful for applications for a variety of
applications, such as gas sensing, free space communication,
optical frequency comb and ICLs incorporated into photonics
integrated circuits [ 10]-[12]. As for the theoretical description of
squeezing light in semiconductor lasers, it was initially proposed
by Yamamoto et al. in the case of Fabry-Perot semiconductor
lasers by using a fully quantum mechanical based model [13]
consistent with experimental results [7].

Although quantum fluctuations of optical fields are perfectly
described by the formalism of quantum electrodynamics (QED),
such rigorous quantum approach becomes laborious and some-
times especially complicated. Several authors [14]-[17] then
introduced alternative semi-classical methods which give correct
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Fig. 1. Schematic diagrams of the carrier injection process. Electron injection
is indicated with dark blue arrows, and hole injection with red arrows. Photon
emission is indicated with green arrows. Blue (red) dashed lines stand for
subbands in the conduction (valence) bands. The diagrams are shown for a
QCL on the left and an ICL on the right.

pictures of the noise compression phenomena, while avoiding
the computational complications of rigorous QED processing.
For example, Marcenac and Caroll [16], based on the trans-
mission line method [14], introduces vacuum fluctuations to
describe the process of generation of amplitude-squeezing light.
Jacques Arnaud [17] has developed a classical corpuscular
theory that does not require quantization of the electromagnetic
field which perfectly coincides with the quantum counterparts.
In this paper, our formalism is developed with the assumptions
that the fundamental source of noise resides in the particle
character of the radiation and in the random instants of the
arrival of photons, which do not communicate with each other.
Shot-noise is therefore an intrinsic property of radiation other
than a property of the light-matter interaction. Hence, laser facet
losses regarded as the shot noise source are assimilated to the
mirror partition noise due to the photon’s particle-like behaviors.
It is worth mentioning that our model remains semi-classical
because photons are considered as classical particles and without
mutual interaction. However, it allows a qualitative and simple
description of the amplitude-squeezing light of semiconductor
lasers.

The applicability of all these mathematical methods is limited
to standard semiconductor lasers, thus, few attentions have been
paid to amplitude-squeezing in novel light sources like ICLs
[18]. In this article, we deploy Green’s function method for
generalizing the rate equations of ICLs. Based on such works,
we expand a recently developed rate equation approach [19] to
the case of squeezing generation, where the accurate studies
of squeezed light can be analytically performed. It is worth
mentioning that, in comparison with the prior works, we take into
consideration the negatively correlated partition noise caused
by the laser’s out-coupling process, which is of paramount
importance and is often referred to as standard quantum limit or
shot-noise limit. Importantly, we predict that ICLs are preferable
devices for this purpose because large amplitude noise reduction
is attainable through inherent high quantum efficiency.

II. GREEN’S FUNCTION METHOD

The Green’s function method was initially proposed by Henry
[20] and has been studied in the past few years in the context of
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semiconductor lasers with complex cavity [21]-[22]. The rigor-
ous study of a semiconductor laser requires a three-dimensional
study of the field and its propagation. In this work, we make a
number of assumptions. Firstly, the cavity medium is assumed
to be isotropic and the matrix propagation equation is reduced to
the Helmholtz scalar equation. Secondly, we assume that in the
laser, optical waves propagate primarily along the z longitudinal
axis and the transverse and lateral axes are neglected. Lastly, the
spontaneous emission is delta-correlated in space and time.

A. Generalized Rate Equation

The complex Fourier component E,,(z) is governed by the
one-dimensional scalar wave equation:

V2E,(2) + k2cE,(2) = F,(2) (1)

where V2 = 6?—; is the Laplacian operator for the longitudinal
coordinate z, wis the lasing angular frequency, ko = “/is the
wavenumber, cis the velocity of light in vacuum, eis the com-
plex dielectric constant and F,,(z) is the Langevin noise term
accounting for the distributed spontaneous emission. Equation
(1) may be solved by using the Green’s function method [20]:

(V2 4+ k2e)Go(2,2) = 6(2 — ) (2)

where §(z — 2) is the Dirac delta function. Then, the general
solution is obtained through a spatial integration of the Green’s
function weighted by the correspondent excitation source over
the total cavity length L:

E,(2) = / d2' Gy (2,2 ) Fu(2) 3)
(L)
The Green’s function G, (z, z') has been discussed at length
[23] and its one-dimensional formula is given by:
Gu(z,2)

_ Zr(2)Z(2)0(z — 2') + Zr(2) Z1(2)O(2 — z)
W(w,N)

“

Here O(z) is the Heaviside step function. Z,(z) and Zg(z)
are two independent solutions of the homogeneous wave equa-
tion (i.e., with F,= 0), which satisfy the boundary condition at
the left laser facet or the right laser facet, respectively.

W (w, N) is the explicitly z-independent Wronskian operator
of these two solutions defined as [23]:

W(w,N)=Z d A Z d Z 5
(w,N) = Z(2) - Zr(2) = Zr(2) - ZL(2) ()

We know that the laser’s longitudinal mode corresponds to
a zero point of the Wronskian operator W (wg, Ny, )= 0. Both
the lasing frequency wy and the carrier density Ny, at threshold
are determined from this relation. Because the semiconductor
laser is assumed to operate only in one longitudinal mode with a
field distribution denoted by Z,(2) = Zgr(2) = Zy(2), (3) can
be rewritten as:

E,(z) 1 N
Zo(z)  W(w,N) /(L) Zo(2)Fu(2)d ©6)
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As the Wronskian operator W is a function of two independent
variables wand NV, its expansion about the operating point can
be written as:

ow

W - a_w U.)(),Nth (w B WO)
1 / oW
+— — (N — Nyp)dz (7
L (L) ON wo,Ntn

By using (6)—(7) and the inverse Fourier transform, the rate
equation for the electrical field 3y(¢) is then obtained as:
dpo(t)

W) __J /(L) Wx (N = Nw)dz x fo(t) + F(t)  (8)

where Wy = (2%)/(2X) and F(t) is the Langevin force
associated with the complex amplitude in the time domain. In
addition, [y(t) represents the slowly varying envelope of the
electrical field in the laser cavity:

I

Bo(t) Bl dw ©)

where (3, = E,,(2)/Zo(z). The resolution leads to two gener-
alized differential equations for the photon density P and the

phase ® defined via fy(t) = \/P(t)e’*®):

dP 2

a2 / Im(Wx)(N — Nip)dz x P(t) + Fpr(t)

&~ L)y

@ 1

—_— = —= RG(WN)(N — Nth)dZ + Fq;./(t) (10)

whereRe stands for the real part of the complex force and Im
for the imaginary part. Through these generalized equations,
both static and dynamic behaviors of any type of semiconductor
lasers (both interband and intersubband) can be analyzed, in-
cluding those made with complex structures such as multisection
devices.

Moreover, the well-known Petermann excess noise K factor
can be generally defined as [29]:

<f Z (z)de>

K= 4 (11)

L
[ Zy* (2)dz
0

From a general viewpoint, the K-factor allows to calculate
the enhanced spontaneous emission rate in the lasing mode of
semiconductor lasers. Most importantly, as discussed later on, it
also takes into account the spatial longitudinal inhomogeneities
of the cavity, which can influence the amplitude-squeezing
performance.

B. Application to Interband Cascade Lasers

In this article, we focus on a Fabry-Perot ICLs cavity design
with power facet reflectivity R; and Rs. The field intensity
distribution is assumed almost uniform inside the cavity, hence
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Fig. 2. Reservoir model used in the rate equation analysis of the ICL. Each

arrow in the flowchart represents the number of particles flowing per unit of
time.

the spatial hole burning effects are neglected. Consequently, the
Wronskian operator is then written as [21], [24]:

W(w, N) = —2jke?*E[1 — ryrpe”2IFE] (12)
Then the partial derivative of the Wronskian is [24]:
1 ) g
WN = 5(1 +JaH)vaga_N (13)

where 86_1% = 22 is the differential gain [19],a¢ the gain coeffi-

cient, Athe area of the active region, ayy the linewidth enhance-
ment factor, v4the group velocity and I',, the confinement factor
taking into account the fraction of the optical power in the active
region. Therefore, the complete description of the ICL structure
becomes entirely described by the Wronskian operator.

In this case, the photon and phase rate equations per gain stage
can be transformed as:

dP 0

— =Ty (N = Nu) P+ Fir(1)
do 1 0

@ = 30 ey (N = Nu) + P (1)

According to the ICL’s laser structure in Fig. 2, taking into
account the spontaneous emission and the relation between car-
rier number at transparency Ny and carrier number at threshold
Nyp,, the rate equations for the total photon number P and phase
dof all gain stages are given by:

ap g P N

T meUga_N(N — No)P — ™ +mﬂa +Fp(t)
(14)

e 1 g 1

G = 50H |Mlpg (VN = No) — o Fo(t) (15

where m is the number of cascading gain stage, 7, the photon
lifetime and /3 the spontaneous emission factor. This formalism
is equivalent to the recently developed rate equation approach
[19].

Additionally, it is well-known that the dynamic evolution
of the carrier number per gain stage is governed by the usual
relation [22]:

dN I N

— =n————GP(t)

16
dt q Te (16)
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where N (t), 7., 7 and I are the carrier number within the active
zone, the carrier lifetime, the injection efficiency and the pump
current, respectively. The optical gain Gof the ICL in the active
region is linked to the carrier density through the relation:

99
PN
For the ICL, the carrier lifetime 7. is mainly determined by

the Auger recombination 7,4 and the spontaneous emission 7,
[25]. Thus,

G(N)=T (N — No) a7

1 1 1

Te Taug Tsp

In case of a Fabry-Perot structure, the Petermann excess noise
K factor is derived such as [20]:

K:((R1 + Ry) (1 — Rle))Q

18
2R1 R2 ln(Rle) ( )

III. THEORY OF RELATIVE INTENSITY NOISE
A. Intra-Cavity Relative Intensity Noise

This section investigates the relative intensity noise (RIN) per-
formance through the Langevin approach, which is conducted
by the inclusion of the Langevin noise forces [26]. Given that,
we introduce Fy (t) and Fp(t) as Langvein noise terms into the
carrier and photon rate (14) and (16), respectively. These noise
sources are assumed to be white noise (see Appendix 13 in [26]):

d
7(dN) = —plldN — p12dP+ FN(t)

19
T (19)
d
S(AP) = poudN = poudP + Fp (1) (20)
where
1 1 dg dg
P11 Tsp + Taug + pvgaN ) P12 pvgaN( 0)
dg 8 1
= mlyvy——P +m-— =—
P21 m pvgaN +m7—sp, P22 ™
9g
—me’Ugw(N — NO)

Furthermore, the correlation strength of noise sources is
(Fi(t)F;(t')) = D;;6(t —t'), where indexes i, jrefer to N and
P where D;; is the diffusion coefficient between two noise
sources that are delta-correlated. Fig. 2 briefly explains the
traditional reservoir model in order to characterize the laser
noise performance. Pumped electrons are injected into the laser
structure (I/q), of which only a certain fraction (nI/q) arrive
in the active region. Then, once in the carrier reservoir, some
of them recombine non-radiatively (Auger) while others do it
spontaneously. It is worth mentioning that a certain fraction of
photons from spontaneous emission does contribute to the lasing
mode. These photons, together with those issued from stimulated
emission, are further amplified thanks to the cascade stages m
provided by the ICL structure. The photon reservoir provides
a complete description of such stimulated and spontaneous
emission process. Photons leaving the cavity after one round
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trip are then controlled through the cavity photon lifetime 7,
leading to a steady output power.

Following the analysis of particle flows into/out of the differ-
ent reservoirs in [26], the diffusion coefficients can be derived
as:

I N N dg
D =n- — +Tyvy=—=(N — Ny)P
NN nq + _— + - + 'y 8N( 0)
dg P N
DPP:meUgW(N—NO)P‘F?p"'mBE
N dyg
DNP = DPN = — |:mb +me’0987N(N - N())P:|

Applying a small-signal analysis to the rate (19) and (20), one
can obtain the linearized equations through Fourier transform:

ol e = [

Then, as a consequence of this matrix, it becomes straight-
forward that the intra-cavity relative intensity noise (RIN) cor-
responds to the definition by using Cramer’s rule:

(6P(W)SP(w)") 1

P12

pa2 + jw @D

IN;(w) = = 2
RN ) = L) o )
= P20P (P11 +w)Dpp +2p11py Dnp
+ p3, D] (22)

where 2 = w% — w? + jwp is the determinant of the matrix
in (21) and p = p11 + po2 is the damping factor. Usually, one
can define the modulation transfer function as 7'(w) = w% /4,
in which w?% = p1ap21 + p11p2e is the relaxation resonance
frequency.

B. Output Relative Intensity Noise

When the quantum features are considered, we should be
very vigilant because of the natural quantization properties, such
as a photon’s particle-like behavior. In this section, we stress
that the output photons emitted due to the out-coupling process
differ from the intra-cavity photons [13]. The main reason is that
each individual photon needs to either be transmitted or reflected
when it reaches the laser facet. Although photons with a fixed
average rate are reflected back into the laser cavity, this random
division finally leads to partition noise with both transmitted
and reflected photons [26]. Therefore, it is possible to reuse
the Langevin method to describe the outcome of the laser facet
partition noise by regarding output photons as another photon
reservoir having its own Langevin noise force. In [13] and [15],
one can consider them as vacuum fluctuations, which destruc-
tively interferes with photons fluctuations. Adapting (21), the
output power fluctuations can be expressed with the relation to
the intra-cavity photons’ RIN:

6Pout (t) = )\,(SP(t) + Fout (t) (23)

A = nohwy /T, is the fundamental conversion factor between
output photons and output optical power. Andr) is the quantum
efficiency of the ICL and hwy the photon energy.
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Intra-cavity RIN spectra (a) for different pump currents while the stage number is fixed at m = 5; (b) for different stage number m while the photon

number is fixed at 4.2x 10°; (c) for different internal loss while other parameters stay unchanged; (d) for the laser power reflectivity taking Ry = 1 and Ry from

0.1t00.7.

By utilizing the same method than that in the previous subsec-
tion, we convert to the frequency domain by Fourier transform:

<5Pout(w)6pout(w)*> :)»2 <6P6P*>
+ 2R6 {)‘ <6PFout>}+<FoutFout> (24)

where the first term in this equation is what one would naively
expect the relationship to be. However, the partition noise at
the laser facet creates two additional noise contributions like
vacuum noise sources. Similarly, using Carmer’s rule, we can
easily show:

1

<5PFout> = 5[0}11 +]W) <FPFout> + P21 <FNFout>} (25)

where we suppose

<FoutFout> = thPO
<FPFout> = _PO
<FNFout> =0
with Py = APthe output power of ICL. In addition, one has

(Fn Fout) = 0 because it is obvious that there is no correlation
between the carrier noise and this partition noise.

TABLE I

MATERIAL AND OPTICAL PARAMETERS OF THE ICLS USED IN THE SIMULATION

Symbol Description Value
L Cavity length 2 mm
w Cavity width 4.4 um

R=R, Facet reflectivity 0.32
n; Refractive index 3.58
I Optical confinement factor 0.04

ine Internal loss 5.7 cm™
Taug Auger lifetime 1.08 ns

T Spontaneous emission lifetime 15 ns

T, Photon lifetime 10.5 ps

m Stage number 5

B Spontaneous emission factor 1x 107

ao Gain coefficient 2.8x 107" cm?
Ny Transparent carrier number 6.2x 107

IV. RESULTS AND DISCUSSION

Using the above theories, we study the RIN characteristics
of an ICL in this section. The material and optical parameters
of the ICL used in the simulations are all listed in Table I
from the experimental data [19]. Equation (22) reveals that
the intra-cavity photon fluctuations follow a (a + Sw?)|T(w)|?
spectral dependence, peaking at the relaxation resonance fre-
quency. This ICL’s resonance frequency was recently released
in the experiments [27]. The relaxation oscillation of the ICL
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is clearly observed in the GHz range, which is large enough to
achieve multi-Gbits/s data transmission.

In Fig. 3, the low frequency intra-cavity RIN is found to be
steady while above the relaxation resonance, the intra-cavity
RIN is reduced even at high frequency. Fig. 3(b) points out that
more gain stages slightly improve the intra-cavity RIN due to the
uncorrelated photon noise sources in each stage. However, this
picture is not enough evidenced for shot-noise limit case. In the
following, a new approach is proposed to take into account such
effects. Additionally, we also discuss how internal loss and facet
reflectivity influence the intra-cavity RIN. In the first place, as
seen in Fig. 3(c), more internal loss significantly enhances the
intra-cavity RIN, which increases from -174 dB/Hz down to
-162 dB/Hz. Furthermore, the low-frequency RIN in Fig. 3(d)
declines from -163 dB/Hz for Ro = 0.7 down to -168 dB/Hz for
R> = 0.1. These behaviors can be understood because internal
loss and facet reflectivity directly impact the intra-cavity photon
lifetime.

If we expand (24) correctly with the Langevin noise correla-
tion strengths and (25), the output RIN has a form of:

RINout (CU)

(0Pout(w)0 Pyt (w)*)  huwo [ 1, o
B =5 |Q‘2(a+ﬁw)+l

hw
= RIN;,(w) — m [Pllw% + 0220,)2] + ?00 (26)
0

By comparing RIN;, (w) and RIN,,:(w), we notice that, in
addition to the slightly more complex frequency coefficients,
a new “+1” factor appears in RIN,,;(w). This extra factor
ensures that the output RIN never drops below the minimum
value ofhw / Py for all frequencies. This quantum noise floor is
often referred to as the standard quantum limit, or the shot-noise
floor. The anti-correlation, expressed by the negative sign in the
second term of (26), imparts that if a photon is coupled out, the
number of intra-cavity photon decreases and the probability of
coupling out other photons would also decrease, which reveals
the anti-bunching mechanism of the output photons.

Fig. 4 illustrates the characteristics of the output RIN for the
ICL under study. As can be seen, the excess noise dominates at
low frequency and is remarkably enhanced near the relaxation
resonance frequency like the behaviors we observe at intra-
cavity RIN. However, ICLs generally quiet down to the standard
quantum limit above the resonance at high frequency.

Fig. 4(a) demonstrates that increasing the pump current ef-
fectively reduces the output RIN in the whole frequency range
including the shot-noise floor. As shown in Fig. 4(b), simula-
tions show that the cascading stage number does not impact
the standard quantum limit of ICLs. However, with respect
to the internal loss in Fig. 4(c), less internal loss remarkably
diminishes the output RIN. It is can also be noted that the
effect of the power facet reflectivity stays consistent with the
aforementioned results. Therefore, the simulation confirm that
these two parameters have a great influence on the shot-noise
limit. For example, larger internal loss and more important facet
reflectivity increase the shot-noise limit from -180 dB/Hz to -172
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Fig. 5. Petermann excess noise K factor varies in function of one facet
reflectivity Ro while Ry is fixed at 1. The black dashed line indicates the K
value limit at 1 and is a guide to the eye.

dB/Hz. More importantly, the Petermann excess noise K factor
can be calculated through (18). Fig. 5 presents the K factor of
an asymmetrical Fabry-Perot ICLs, in the case where one of the
laser facets is anti-reflective (R; = 1) meanwhile the other Ro
changes from 0.1 to 1. For high values of Ry, the K factor can
be approximated to unity but it becomes very significant for low
values of Ry. In a recent study [30], one shows that a minor
nonorthogonality of the laser cavity eigenmodes might be an
explanation for the bottleneck of the observed squeezing, which
means that the intensity noise can hardly be reduced below the
standard quantum limit above a critical value of K. This result
stresses that ICLs cavity design is of paramount importance for
making ultra-low noise light sources.

In the following, we discuss how noise-suppressed pump
influences the squeezing performance of the ICLs. In (26), the
noise contribution of the current source should appear in o
term in (26). This term can be strongly minimized by using a
“quiet” current source [13]. In (26), 3'w?|T (w)|?is responsible
for the RIN peak at wp and fuvg / Py dominates the RIN spectrum
beyond the peak at high frequency. Consequently, o/ |T'(w)|%is
the only factor that significantly affects the low frequency away
from the RIN peak.

Let us now concentrate on the low frequency and suppose that
the laser has a perfect quantum efficiency (e.g., 7o = 1). Thus
atw << wp, one can set (w% — w?)? ~ wjwithout introducing
significant error during the calculation. Additionally, we com-
bine the o term with the factor “+4-1” within the brackets of (26).
With these modifications, the expression of output RIN reduces
to:

hwo 1 02

~ hwg o +wir2, -
7 [Tt | T B @

RIN,, =
W= T,

where Tou: = p/ w%. The first term provides the RIN noise floor,
while the second one provides the RIN peak.

1924208

Shot noise level

N

-

N
o
S~
g0 |
=
o
=2 1 I~
3
o
—
=]
O 44 = 3
¥ —K1/ql =0.2
& —Ki/ql = 0.4
g-s . —K1/ql = 0.6}
5 —K1/ql =0.8
- — K1/ql =1

-8 T

Frequency (arb. unit)

Fig. 6. Normalized output RIN varies in function of pump current noise. Low
frequency noise can be reduced below the standard quantum limit (black dashed
line) if the pump current source is “quiet”. The colored dashed lines indicate the
relatively higher internal loss case (« int = 10) while the solid lines represent
aint = 5.7 at the same pumping condition. The pump current is fixed at 2x Iyy,.

The injected current contribution to the output RIN noise spec-
tra can be reduced if a current source with sub-shot-noise char-
acteristics is applied. Yamamoto has already demonstrated that it
is not extremely difficult to eliminate the pump-amplitude fluc-
tuation by high-impedance suppression for electron-injection
pumping in a semiconductor laser [7]. To accommodate such
cases, we can generalize the first term «'in the (26) by K;/qI
and can neglect the second term (3'w?|T'(w)|? because we focus
on the low frequency region, where K is the spectral density of
the injection current. Therefore, it is easy to understand that for
a perfectly noise-suppressed or “quiet” current source, K; — 0.
For a shot-noise limited current source, K; = ¢/. Fig. 6 demon-
strates the amplitude-squeezing effect mentioned above. For a
shot-noise limited current source (e.g., K;/qI= 1), the output
RIN would stay constant at the standard quantum limit. However,
if a nearly noiseless pumping source is applied (e.g., Kj/qI=
0.2), the output RIN can be significantly reduced. Therefore,
amplitude squeezed states can qualitatively be predicted with
compression factors depending on the pump noise conditions.

We can also investigate the role of internal loss in intensity
squeezing. Comparing the dashed lines and solid lines in Fig. 6,
one may find that more important internal loss value degrades the
amplitude-squeezing performance, especially under low pump
noise condition. The limited squeezing factor can be explained
by the fact that the quantum-mechanical correlation between the
laser’s internal fluctuation and the reflected vacuum fluctuation
becomes imperfect as a result of non-negligible internal loss.

V. CONCLUSION

In conclusion, this work theoretically demonstrates the possi-
bility of producing amplitude-squeezing light from mid-infrared
ICLs. A semi-classical rate equation approach is proposed to
describe this effect, which is derived from the Green’s function
method. By considering an additional noise term in the output
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power, the relative intensity noise spectra are complemented
with the standard quantum limit. In addition, the output relative
intensity noise can be reduced at low frequency by utilizing
the noise-suppressed pump current source. Although the model
remains semi-classical, it allows a qualitative description of
the amplitude-squeezing light in semiconductor lasers. Accord-
ing to the simulation results, considerable compression factors
of amplitude-squeezing below the standard quantum limit is
achievable depending on the pump noise conditions. These
theoretical results show a promising way to create sub-shot-
noise-limit light in the mid-infrared range that is recently ap-
plied in highly precise oscillators, chip-scale gyroscope and
laser interferometer gravitational-wave observatory (LIGO) de-
tectors [28]. Future work will involve squeezing experiments
and stochastic simulations to analyze the sub-Poissonian output
photon number distribution and the corresponding RIN spectra.
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