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Waveguide nonlinear-optic devices and integratedicmductor lasers with appropriate design can
perform quantum-optics functions that are potelgtiabeful for R&D of quantum information processing
This paper reports the current status of the work of tHeeigroup in this new subar&@uantum Photonic
Devices! including theoretical background, design and faltion of quasi-phase matched LiNpO
waveguide devices for generation of squeezed lightcarrelated twin photons, and high-efficiency InGaAs
QW DBR lasers for generation of squeezed light.
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1. Introduction

There has been increasing research interest intgmaimformation processing, including,
guantum cryptography, quantum dense coding, quantum teleportation and quantum computing [1],
[2]. Among various schemes, quantum optics appremthat utilize the characteristics of light as
photons offer several advantages such as smalhdemace problem, long range transmission of
information, and availability of devices developed for conventional optical communigatio
Extensive theoretical and experimental studiesbareg made. The key quantum optic functions
such as generation of photons of squeezed states,photons, and entangled photons can be
implemented by nonlinear optic (NLO) techniques [2].he experimental studies, however, have
employed free-space optics with bulk NLO crystals ant-pigwer gas or solid-state pump lasers.

One of the essential requirements for further devedspiraf this new area is to implement more
practical and convenient devices that perform quanoptic functions. Obviously, integrated
optics techniques can play an important role. dbasi-phase matched (QPM) waveguide NLO
devices in combination with semiconductor lasers can offer higher engindienilglities to
implement devices of potentially higher performances, and compact and stable struthare.
possibility of integrated optic devices for squaklght generation was addressed a decade ago [3].
Generation of pulse squeezed vacuum and squeegedri QPM LiINbQ waveguides has been
demonstrated by Serkland, et al. [4],[5]. Efficiparametric fluorescence twin photon generation
in QPM LiINbO; waveguides was demonstrated by Ostrowsky et al. [&hnter, et al. reported
pulse squeezing in an integrated LiNb@Waveguide circuit consisting of QPM NLO (SHG and
DOPA) sections, couplers, and mode filters [7].

Another important device for implementation of gtuemn optic functions is semiconductor laser.
It has been shown by Yamamoto, et al. that squeéadntPoissonic) light can be generated by
driving a semiconductor laser in a constant-curdmting mode with a high-impedance power
source [8]-[11]. Related research work includes sgeé light generation in an external cavity
semiconductor laser [12] and development of mulleneemiconductor lasers specially designed
for squeezed light generation [13].

Recent work of the authors group is directed ts tiew area oQuantum Potonic Devices
The work includes implementations of LiNp@aveguide QPM NLO devices for generation of
squeezed light and twin photons, and high-efficieimyaAs QW DBR lasers for generation of
squeezed light. In this paper, the author would ld&kesummarize the basic concepts of the
guantum optics, outline the theories useful for desigd performance prediction of quantum
photonic devices, and report the current status of the iexgraial work.



2. Quantum States of Optical Wave

Optical field of a mode with frequencyis quantized by representing the amplitude by aonit
operatorsa and a', which obey the boson commutation relatiea[=aa'-a'a=1. The photon
number operator is defined biFa'a, and the Hamiltonian is given b= « (N+1/2).

Coherent States Although the eigenstates Nf the number statda 2 are convenient to deal
with optical transition, a singlp 2is not appropriate to represent realistic field. quantum state
appropriate is coherent states? which are eigenstatesafa|] = | 3. The time dependence of
the expectation value for the field amplitude@&st) 2=Re{ exp( t)}, which coincides with the
wave of complex amplitude. A special case is 20f =0, which coincides with a number state
|02 i.e., the vacuum state. Waves emitted from fasetically pumped well above threshold are
described by a coherent state. The fact that cohstates are eigenstatesaaloes not imply that
the amplitude is certain. The field amplitude @hése do exhibit fluctuations. Fig.1 (a) and (b)
illustrates the time-dependent field amplitude and fluatnaof vacuum and coherent states.

Squeezed States Squeezed states are quantum states where untertd one of the
conjugate quadratures is reduced by allowing irsgreaf uncertainty of the other within the
uncertainty principle. They are defined by using a gaizexd amplitude operatbrgiven by

b= a+ a', =coshs, =exp(# )sinhs s :real) ()

where and are chosen so as to ensure the commutation relabidm]=bb’-b’b=1. An
eigenstate ob and the eigenvalue are denoted asahd (b| = | 3. The state |2for s=0
coincides with a coherent state, andfpr s >0 describes a squeezed state. The expectation value
for the field amplitude coincides with the sinusdidclassic wave of complex amplitude

= costs- *e” sints. The fluctuation of the field, however, exhibitsique behavior unlike the
coherent states. Fig.1 (c) and (d) illustrate theetdependent electric field amplitude and the
fluctuation of amplitude squeezed state and phaseezed state, where amplitude and phase
fluctuations, respectively, are reduced. A squeezeel gtat=0 is called squeezed vacuum.

Covariance Matrix and Squeezing Ratio To describe and analyze the quantum fluctuations,
it is convenient to use a covariance matrix defined by
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Then the variance of the field amplitude fluctuation can baemrsimply as
CER? =LA ), =- tt K )=VitVarte™? Vipte? oy, (3)
We can symmetrizeV] so thatViiee Vs, for simplified expressions. For coherent statesffom
the commutation relation and the eigenvalue equation, we dyanmetrized covariance matrix
11 0° | |
2 1, ) | |
and theny( )=4 CE(t)’Z1. This iS Called
standard quantum limit (SQL). Th ‘
fluctuation is temporally constant as sho |
in Fig.1(a) and (b). For squeezed state |

(s>0), [V] is calculated as /\
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We see from (2), (3) and (5) that tf

magnitude of the field fluctuation is nc. _ _ _ _
constant but varies with time. Such Fig-1 lllustration of field amplitude and fluctuation of

fluctuations are shown in Flgl(C) and (d) Optlcal waves In various quantum states.




Assuming ¢la] = is real, amplitude squeezed states and phasezlistates are described by
=0 and = , respectively, witls>0.

As a simple numerical figure to describe the degfesgjueezing in a form normalized by SQL, a
squeezing ratio is defined I8zMin{ § )}. Although actually V], § ) andS should be described
as functions of fluctuation frequency, in many cases they are nearly constant in a widgerand
can be represented by the low-frequency values. Notin/ikaf,; , from (3) we obtain

SMIn{ ¥ )}=V11+Vor-2NV12. (6)
For squeezed states?|from (5) and (6)Sands are correlated b$=exp(-Z).

The relative intensity noise (RIN) is representeddyi?7 8l =S ) ( =-arg{ }), which means
that the intensity noise is dominated by the fidlactbation at the instant of maximum field
amplitude. For coherent states the relative varigtee SQL value¢ N?7 &l =1 corresponding
to the classic shot noise. For amplitude squeezdssthe variance is reduced ¢N?7 &l =S
(<1). ThusSis useful also as a measure for the intensity noise.

3. Waveguide Nonlinear-Optic Quantum Photonic Devices
Waveguide NLO devices can perform vario

quantum photonic functions. Fig.2 illustrat:  input Photons of QPM Waveguides ~ Photons of
Coherent State Squeezed State

squeezed light generation by second harmc (soL) (below SQL)
generation (SHG) and twin photon generati

by parametric fluorescence in  LiNpCotx—surxin ST iy
guasi-phase matched (QPM) waveguides. | LINDO; ¥ Twin Photons

(Correlated Photons)
Fig.2 lllustration of quantum photonic functions of
QPM waveguides.

3.1 Design Theories

Squeezed Light Generation by SHG
Transformation of quantum state of optic
waves in second-order NLO devices can
analyzed by using a fluctuation propagati

matrix [14]-[16]. Consider traveling-wav: —_— -
SHG ( : ) configuration as shown in Fig.:

Assuming complete quasi-phase matching,

complex amplitudes of the pump and harmo I I >

waves,a;(2), ax(z) normalized for quantization,
satisfy the coupled-mode equations:

dial(z) | a@a () La@) i 12{a@)? (7)
z dz

The amplitudes are written ast a;, ay+ a, with operators a;, ap for the fluctuations. Then
we obtain linearized differential equations f@a; and a,

Fig.3 Schematic of traveling-wave second- harmonic
generation device.

d - t . d ,
pr a2 i {22 a1 (2 & (2 a2} pr (2 | «(2 a2 (8)

These equations can be written in a vector form as

atay() °

a0 d A

«ay)»’ 9) g @) J(0) &), (10)

ZaZ( )Ti;4
where =| |a1Z/(2)"? is a normalized coordinate. The elementsJpfchn be obtained by using

the well-known steady state solution for SHG [17§ince (10) is a linear differential equation, the
values at the output port can be correlated with the initlakgaat =0 by a linear relation:

(L) M(L) @O, (11)
where =| |aol/(2)*? is a normalized interaction length. The matrM][is a fluctuation



propagation matrix that describes the propagation of the input amplitude fluctuation through the

device to the output port.

coupled-mode equations and the conservation of the comaonutatation.
In order to analyze the fluctuations and squeezintgepump and harmonic waves, we make an

expansion of (2) to define a 4x4 covariance matrix

VI=[ a[ al',
where [ a] is given by (9).

The elements Mf| [can be calculated by using the solutions of the

(12)

Then squeezing ratios for the pump anadr@c waves are given by

S V11 V22 2|V12| ’ s V33 V44 2|V34| ' (13)
From (11) and (12), the covariance matrixes for the inpditoaiput waves are correlated by
[Vou=IMIIVIin[M]". (14)
For a case where the input pump wave is a coherent statepthductuation is given by
4 0 0 0°
Min= 35570 (15)
900 11,

which describes the inevitably introduced vacuumetfiations.
light can be considered by replacing the upperdeérter of (15) by (5).

A case of pumping by a squ

the output waves can be obtained by inserting (15) infoaiid calculating (13) foM]out
Both the pump and harmonic waves are amplitude ggdee Fig.4 shows the dependence on

normalized input pump amplitude f the squeezing ratioS , S .

eezed

The squeezing ratios for

The curve indicated by

shows the SHG conversion efficiency. The curveSeer e+ (s=0) shows the result for coherent

pump input.
power, S for pump wave decrease
monotonously and approaches asymptotically
0, implying that substantial squeezing tak
place in the high- region and nearly complet
squeezing is obtained for,>>1. Since the
SHG interaction converts the pump wave ir
harmonic with efficiency proportional to th
pump power, the interaction acts as filteril
which removes photon bunching, and thereft
amplitude squeezing takes place. On the of
hand, the decrease 8t for the harmonic wave
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with increasing input pump power is limited Fig.4 Fluctuation and squeezing characteristics of
down to 1/2. We also see from the curve for
S o<1 in Fig.4 that amplitude squeezing for the
output harmonic wave is improved by using pump wave of il squeezed stat8 (<1).
The above described theoretical analysis basederiluctuation propagation matrix has been
extended to degenerate optical parametric amplidicgDOPA), sum frequency generation (SDG)
and difference frequency generation / optical pataic amplification (DFG/OPA) [15],[16].
has been shown that DOPA allows generation of sspteeacuum and amplitude/phase squeezed
states, and that SFG and DFG allows wavelength convestgmueezed light.
Twin photon Generation by Parametric Fluorescence Consider a case where there is no
input for signal (1) and idler ( ) waves in (nondegenerate) OPA. Then the outpytliardes
are & (L) = &(L) 0. However, if pumping (s) is strong so that the OPA gaBrcostf L ( :
the gain factor) is large, incoherent light emissioargmetric fluorescence; PF) occurs caused by

the vacuum fluctuation.

traveling-wave SHG device.

It

For phase matched OPA,aiput signal/idler photon numbers are

calculated as ard\y(L) = ®ly(L) Zsinlf L; the generated photon number per mode is such tigat o



virtual input photon is amplified by the DFG gain Sinb(=G-1). The total PF power can be
calculated by integrating the power for modes within theg@ha@atching bandwidth to yield

oy ;! ac/im np|L)sinh® L, (L D,
AW s5=DbL )d 2! g()! ©/ln np UV L/Ginh2 L, (L D,
whereD( , ) is DFG gain dependent on phase mismatcandny, n, are group indexes at;, ».
The dependence of the normalized output poRéf« 1¢/[n;-nyL) is plotted against normalized
pump power “L? =( 1 o/ 39)|"sfPsL? in Fig.5. Due to the nearly exponential gain ahd
bandwidth broadening, the output powers increase supaslingth increase of pump power.
PF emits equal number of, and , photons. The fluctuation of each output is abdneeSQL.
Consider next the difference of photocurrents pecedusignal and idler photons, represented by
Ni(L)-N2(L). The expectation value il;(L)-N2(L) =0, and the variance is calculated as

(16)

BNUL) Nap(L?2 gNi(L) Np(L}?2 0. (17) 5\
This result implies that the differential noise § ig /]
suppressed due to complete correlation betw = | /
signal and idler photons. The correlated photc £ 1o} /
are called twin photons. The; and , outputs g 10°F (L ED( , )d /
can be spatially separated by a dispersion eler g ©r \
such as a grating. The existence of pho 'r_;uloz' sint? L ]
correlation can be interpreted in terms of t 5[ i
Manley-Rowe relation. The twin photor < L ——< L/ En L

. 1 10 100

provide a unique means for de'_[ecting one-pho Normalized Pump Power 2.2
phenomena by using one as a signal and another iy 5 pependence of parametric fluorescence
a reference, and offer many applications in ir output power on input pump power.
guantum information processing [2].
3.2 Experimental Work on LiINbO3; Waveguide QPM NLO Quantum Photnic Devices

Squeezed Light Generation Device QPM SHG devices using LiNkROwaveguides with
normalized conversion efficiencies over 1000%/Wehbeen demonstrated for pumping in 800nm
[18] and 1500nm bands [19]. Simple theoretical estimation using the result of Fig.4 shows that it
is possible to obtain substantial squeezing of OWdédmental wave using these SHG devices and a
semiconductor laser of 100mW class for pumping.elifdinary experiment has been made using
the short-wave SHG device [18], an external-cattityable semiconductor laser of 100mW output
in 830nm band for pumping, and balanced detectpiit® for measurement of the squeezing ratio
with reference to the SQL level. The experimesttup is shown in Fig.6. The PBS a#@
plate are used for 1:1 beam splitting, and the + aadtputs of the RF hybrid gives the noise and
SQL levels, respectively. Thus far successful ltekas not been obtained, because of the
insufficient pump power, and excess noise and insufficdtsal purity of the pump laser.

. Polarizer | 45 plate
E PM SHG Device #2 Plate
External Cavity ¢ ol (PBS) ¢ PBS
Tunable Output
Semiconductor | Ia1> i g : e =
Laser solator - <

-0.83 m cHc
- filter PDs
Switching High-Index As,S,
Pul Balanced .
Gorarator e K7 Cladding Layer
IREREREN: LiNbO, Substrate
RF :
Spectrum JF Input APE Waveguide
Analyzer | RF Switch EFbri . BRUTPALENAS ) ] ] ]
< Fig.7 Waveguide QPM-SHG device using high-
Fig.6 Experimental setup for squeezed light generation index AsS; cladded APE LiNb@waveguide
by waveguide QPM SHG. and detection. for efficiency enhancement.



In the recent work of author's group, LiNpQvaveguides QPM-SHG devices of 30mm
interaction length for pumping in 1500nm band amg fabricated, and efficiencies up to 320%/W
have been obtained for the device using ordinarealed proton exchanged (APE) waveguides.
The efficiency has been improved up to 790%/W lghhndex cladding on the APE waveguide as
shown in Fig.7 to enhance the overlap between timppand harmonic modes [20]. Further
improvement of the efficiency is required to accosiplCW squeezed light generation with a
low-power pump semiconductor laser (use of poweEiutioped fiber amplifier involves problems
related to increase of the pump noise).

Twin Photon Generation Device A LiNbO; waveguides QPM device for generation of twin
photons at wavelengths in and around 1500nm band by pumping w#miconductor laser was
designed and fabricated. The period of the donmmaierted grating for QPM is 17.M, and the
interaction length is 30mm. The QPM device wagitalbed by standard domain inversion and
annealed proton exchange. The measured normaBifd (1560nm 780nm) efficiency was
approximately 200%/W. As a preliminary experimgrd@rametric fluorescence measurement was
made using a setup shown in Fig.8. Fig.9 showsasignd idler wavelengths dependent on the
pump wavelength, and Fig.10 shows the fluorescepeetrum measured for pumping at 784.5nm
wavelength. For pumping power of 12mW, fluorescepoeer of 0.9nW, in the same order of
magnitude with the theoretical prediction using Fig.5, was obtained.
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Fabrication of Zn:LiNO 3 Waveguides and QPM Structures in MgO:LINbG;  An important

requirement for implementation of stable and high output power quantum phaeigedlis to use

a waveguide free from photorefractive damage. treoto implement a waveguide NLO device
for generation of polarization-entangled photons §&vaveguide which supports both TE and TM
modes is required. APE waveguides supports onlyaesdinary mode, while Ti-indiffused
waveguides involve damage problem. As a candidademage-resistant TE/TM waveguides, we
are studying fabrication of Zn-diffused LiNgB@vaveguides. A new fabrication technique by Zn
diffusion from sputtered ZnO film and Zn/Ni film asZm source in low-pressure atmosphere
(1-10Torr, air) has been developed. Single-mode WEguides with 1dB/cm loss have been
obtained. QPM SHG devices were fabricated usina

the Zn:LINbQ guides and preliminary SHC U”i”"j”‘id 5egi°”5
performance of 15%/W efficiency has been obtair AAAAA
[23]. Although a NLO device for generation ¢ Inverted Regions

polarization-entangled photons can be implemer

by using a Type-ll QPM planar TE/TM waveguid

sophisticated device configuration using chan

guides must be developed to accomplish a hic S| |

efficiency and facilitate for fiber coupling. $=154 m
Fabrication technique of domain-inverted gratir.,

i -resi ) e F19.11 Ferroelectric domain inverted grating
for QPM in damage-resistant MgO-doped LiNbC formed in MgO-doped LiNb@Crystal,



crystals has not been fully established. Most migewe developed a new technique for
fabrication of domain-inverted gratings in MgO:Li®§ where uniform electric field is applied to
the crystal under ultraviolet light irradiation with periodic spatial modulation [2Z&he technique
offers a simple and convenient means and requiréshography process on each crystal. Fig.11
shows the fabricated QPM structure.

4. Squeezed Light Generation by Semiconductor Laser
4.1 Quantum-Well DBR Laser as Squeezed Light Source

The major origin of the intensity noise in the autmf a semiconductor laser with a high
guantum efficiency under strong excitation, in fregcy range lower than the relaxation oscillation
frequency, is the noise in the pump current. Theventional DC constant-current driving, when
observed in radio frequency (RF) range, is subsintlose to constant voltage driving, and the
pump current involves the shot noise. When a las@riven by a source of a high RF impedance,
on the other hand, the RF fluctuation of the dgvaurrent is reduced (wideband constant-current
driving). This means that the shot noise in theatipn current can be suppressed, and squeezed
light of intensity noise lower than SQL can be gated by converting the sub-shot-noise electron
flow into the photon flow with a quantum efficiency closeutoty [8]-[10].

Earlier experimental work was performed using FaleyeP (FP) multimode TJS lasers at low
temperature and constant current driving with aeseresistor [9], [10]. A multimode TJS laser
optimized for squeezed light generation has been des@ld3]. Single-mode lasers operating at
room temperature are more advantageous in manycapphs, and quantum well (QW) lasers are
advantageous to obtain low threshold and high atxait at room temperature. Lasers using
nondoped QW, however, involve inhomogeneous gain broadeningf amatimode oscillation
takes place, modes are not sufficiently anticorrelatetithe mode partition noise disables effective
squeezing. Thus an important requirement is toraptieh a high side mode suppression ratio
(SMSR). Room temperature squeezed light generatiam external cavity laser using a FP QW
laser by constant current driving has been demonstrazéd [1

The author's group is working toward squeezed lggrteration in an InGaAs quantum-well
DBR laser with a ridge structure and a curved DB&igg [25]. The DBR configuration allows a
high side mode suppression rat
(SMSR) without external cavity
Use of an InGaAs strained QV
along with a high-reflectivity DBR
grating and an optimized outpt
facet reflectivity, allows accomplish
ment of low threshold and higl
excitation. Fig.12 illustrates
squeezed light generation in tf

DBR laser by wideband constanigig 1o schematic illustration of squeezed light genenati QW

f:udrrent driving with a series "pgR laser by wideband constant-current driving.
inductor.

4.2 Theoretical Analysis

The intensity noise and squeezing of semicondueser light can be analyzed by solving the
rate equations including the Langevin noise sour8§s[®]. In the author's work, simplified
analytical expressions were formulated. Assumingle-mode lasing, the rate equations for the
carrier densityN and the photon densifare given by

d/dt N =- GSN/%-J/dgtFy, d/dt S =+ GSS/%+CN/%Fs (18)

whereG is the gain factor, the confinement factosand %, are carrier and photon lifetimé,is
the injection current densityd the active layer thickness] the elementary chargels the



spontaneous emission factor, aRdand Fs represent Langevin noise sources. From (18) we
obtain linearized rate equations for the fluctuatiésand &
d/dtdN =- G+GS)&E-( GnSHY % &N +Fy, (19)
d/dt & = (CN/B GsS) &+ GnSHCY % N+Fg,
where Gs and Gy are derivatives ofc by S and N. Since each term of the right hand side
represents independent event, each fluctuation ¢armbe treated as shot noise. Assuming a case
where the fluctuation in the injection current is s@sged down td times the shot noise level, the
correlation functions of the noise sources are calculated as
sFnFrneeDun&t); Dnn=2CINS % (1+ )N/ % a-(1-")S % Va, (20)
oFFer=Dsoft); Dss2CNI %  eFnFsreDnst); Dns=-2CNT %S %hVa, o
where V, is active volume. The noise spectrum SfS( ), can be calculated by using the
Wiener-Khintchen's theorem with Fourier transfordg ), & ) obtained from (19),(20), as

2 2 , ,
ol [oeNS, 10 Gy §g1tg gl Ok (21)
2GNZS =% o ‘ng 1 %rVa © 2 1 2 %nVa ¥
H R/ R P 2, 20 G,S/% 25 V% Gy GgS CsN/%S,

whereH( ) is the modulation transfer functionk and g are frequency and damping factor of
relaxation oscillatio® From (21) we see th&( ) (for largeSand low for ‘=0 is half that for
‘'=1. This means that the half of the noise resuttshfthe pump noise and the other half results
from photon shot noise. We next derive expressionthe noise in the output power(in photon
number per unit time), which is given by

P=KS, K=FsmVa/ %h, (22)
where Fsm (0<Fsin<1) is the output coupling factor. Lé&f, be the Langevin noise source
representing the photon partition noise causedaniigb outcoupling of the stored photons, and let
&P=K&5+F, be the fluctuation dP.  The correlation functions are given by

’FPFP’CDpp&t), Dpp=+P; 'Fst’chp&t), Dsp=-P/V,, ef\Fpe<O. (23)
In the similar manner as (4), the noise power spectrum §f ), can be calculated as
EK§<%h\H | 2o N GsP:, CN 8 ' 26°N Gs s 82665 ' 1 2Gy® g 2

Vz o
Sp o . R — R 2 g, P 24
:: © GOnP 1 0% Va K1 %3 ©? %Va %ZVa Ko %V, 2 %V &K1 24 2, ( )

Since the SQL noise is given By( )=P, the noise power spectrum normalized by the SQ&llev
is given bySs( )/P. The relative intensity noise (RIN) is given BIN( )= S( )/P%. For low
whereH( )P 8L, equation (24) can be approximated as

a%hK - %th ¥ ©° 8 - %hN Yo ©
Sp /P ( «—@' 1 p " 13,1y ‘FStm@' 1 ” 13,1 (25)
«Va %S & Y« %S ¢ Vs

This result shows that, for a laser of high quantdiiciency andFs, 8L and for strong excitation
where %N/ %5 is reduced, reducing the pump nois€-«a® gives rise to mutual cancellation of the
shot noise and the partition noise of photons, and amplitude squeezedfligit WP+ O is
generated. Usin®! \in=(4dd)n, S8%(J-Jn)/dq with the threshold currenk,, the normalized
noise level foiFsm 8L and complete suppression of pump noif®)is given approximately by
2onN 1

> ( %S 33y 1° (26)

which showsS( )/P decreases in inverse proportion to the increasing excitedtioJ/Jy,-1.

4.3 Design and Fabrication of QW DBR Lasers for Squeezed Light Generation.
The quantum noise characteristics were calculadéseédon (24), by assuming lasing wavelength

962nm, internal quantum efficiency;=0.80, transparency carrier densilg=2.5x10%cn?’,




differential  gains  Gx=9.0x10°cm’sec, 40 '
Gs=-3.0x10%cm’/sec, active  region T 50 mw

0.006x2.6m? cavity length L=0.60mm, = | 100mwW

. o ---- Const Voltage 150 mW

internal loss =3.0/cm, facet and DBR @ ,,| —— constcurrent i

reflectivitiesR=0.12,R,=0.61, carrier lifetime 3

%-4.2nsec, photon lifetime %4.=5.4psec, 2 10}

threshold ~current 14=10.3mA, external 2 A

differential quantum efficiency ¢=0.66, and é O psanazazasszizss s

spontaneous emission fact6e1.00 10°, as N

device parameters expected to be feasible with o001 o.01 0.1 1 10 100

the DBR laser of Fig.12. Frequency f[GHz]

Fig.13 shows the calculated normalized

noise power spectrurg( )/P. The dashed semiconductor laser. The dashed curves are for

curves are for ordinary driving (constant- oginary driving, and the solid curves are for
voltage driving in RF range), which involves igeband constant-current driving.

pump noise of shot noise level=Q). The

optical noise level for output power larger than 6@V and for frequency range lower than
50MHz is close to SQL (shot noise) level. The éaurves are for wideband constant-current
driving with the pump noise suppressior@). The result shows that amplitude squeezed light is
generated; the optical noise level for output loveeger than ~100mW is reduced to ~5dB below
the SQL level.

A DBR laser for squeezed light generation shown Figl4 was fabricated using an
InGaAs/AlGaAs GRIN-SCH-SQW structure. The QW in DBR grating region was selectively
disordered by bithickness Si@apping and rapid thermal annealing to reduce tbpggation loss
in the passive waveguide [26]. Active channel vadmitated by forming a ridge of 2.6 width
and 600 m length by EB writing and RIE. The curved DBR20D m length was designed (96%
theoretical reflectivity and 1.6nm wavelength bamdth), and was formed by second EB writing
and RIE. The output facet was LR coated with ,Si®reduce the reflectivity down to 5% and
enhance the COD level. Fig.15 shows the measusatgl@haracteristics of the fabricated DBR
laser. DBR reflectivity of 71%, 20mA threshold current, 180mW maximurpubupower,
excitation ratiol/ly, as large as 12.5, external differential quantufitiehcy of 64%, side mode
suppression ratio (SMSR) as large as 52dB, have bégined [27]. We are preparing the
guantum noise measurement using the balanced idetéethnique. Squeezed light generation is
expected, since the obtained lasing performancesappgoaching to those assumed in the
theoretical calculation to obtain Fig.13.

Fig.13 Calculated intensity noise spectrum for a

Fig.14 QW DBR laser fabricated for squeezed light Fig.15 Lasing characteristics of the fabricated
generation. QW DBR laser.



5. Conclusion

Fundamental theoretical considerations for desigmuaEntum photonic devices have been
outlined, and the current status of the work indh#éor's group has been reported. Although the
experimental work of the authors group is at treipinary stage, encouraging results showing the
potential feasibility are being obtained, and sulsjdor future work have been clarified. It is
hoped that manyintegrated quantum photonic devicegll be implemented to contribute
substantially to research and development of quantummuafton processing.
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