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Current noise and photon noise in quantum cascade lasers
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A model for the photon noise and the current noise in quantum cascade lasers is presented. It is shown that
compared to diode lasers quantum cascade lasers exhibit much less photon-number squeezing even when the
noise in the drive current is suppressed well below the shot-noise value. The theoretical model presented in this
paper self-consistently accounts for the suppression of the current noise in electron transport in multiple
guantum-well structures due to various electronic correlations. The nature of these electronic correlations is
discussed. Mechanisms that make photon-number squeezing difficult to achieve in quantum cascade lasers are
discussed. Scaling of the laser intensity noise and the current noise with the number of cascaded gain stages is
also described. Direct-current modulation response of quantum cascade lasers is also studied, and it is shown
that contrary to the predictions in the literature of terahertz modulation bandwidth for these lasers, bandwidth
of almost all quantum cascade lasers that have been reported in the literature is limited by the inverse photon
lifetime inside the laser cavity to tens of gigahertz.
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I. INTRODUCTION role of these correlations in QCL’s.

Unipolar quantum cascade lasé€CL's) utilizing inter-
subband transitions to generate photons have become impor-
tant sources of light in the mid-infrared region In Sec. IV the nonlinear rate equations for the electron
(5 wm—=15um). In this paper a model for the photon noise and photon densities in QCL's are presented. The steady-
in QCLs is reported. Current noise associated with electrorstate solution of these rate equations below and above thresh-
transport through the active regions is also studied and iteld are described. In Sec. V the nonlinear rate equations are
effect on the photon noise is evaluated. linearized to obtain Langevin rate equations for the fluctua-

QCLs are different from interband semiconductor diodetions in the electron and photon densities. Electron transport
lasers in three important ways that can have a significanin the multiple quantum-well structure of QCLs is discussed
impact on their noise properties. in detail, and a self-consistent model for the fluctuations in

(1) Electron transport in QCL's takes place by tunnelingthe electron-charge densities and the electron-current density
between states in adjacent quantum wells. It is well knowris presented. It is shown that a self-consistent description of
that electronic correlations in resonant tunneling in quantunthe fluctuations in the charge and current densities can be
well structures can suppregsr enhance current noise by carried out in terms of a few device parameters. Langevin
providing a negative (or positive feedback™® High-  noise sources are also used to model the noise associated
impedance suppression of the current noise in semiconductaith electron transport by tunneling. Section V is the main
diode lasers results in light output with squeezed photonpart of this paper. In Sec. VI the set of coupled linearized
number fluctuationd It is, therefore, intriguing whether sup- Langevin rate equations for the fluctuations in the electron
pression of the current noise can also lead to squeezing igensities in different levels of all the cascaded gain stages
QCL's. Any model for the photon noise in QCL's must take and the fluctuations in the photon density are solved under
into account these electronic correlations self-consistently. the constraints imposed by the biasing electrical circuit. In

(2) In diode lasers the carrier density in the energy leveladdition, the direct-current modulation response of QCL's is
involved in the lasing action does not increase beyond it&lso evaluated and the maximum possible modulation band-
threshold value and, therefore, the noise contributed by thwidth is discussed. The analytical and numerical results on
nonradiative recombination and generation processes also rée current noise and the photon noise in QCL's are pre-
mains unchanged beyond threshold. In QCL’s the electrosented and discussed in Secs. VII and VIII, respectively. In
densities in the upper and lower lasing states do not clamp &bese sections the results obtained are compared with the
threshold, and keep increasing when the bias current is ireurrent and photon noise in interband semiconductor diode
creased beyond threshold. As a result, nonradiative processk@sers. Readers not familiar with the results on the current
contribute significantly to photon noise even at high biasand photon noise in diode lasers are encouraged to read Ap-
currents. pendix F in which a detailed model for the noise in diode

(3) Since all the gain sections in a QCL are connectedasers is presented.
electrically and optically, electron-density fluctuations and
photon-emission events in different gain sections become
correlated. The effect of these correlations on the photon
noise in interband cascade lasers has already been discussedMany different types of QCL structures have been re-
in detail>® and it is the aim of this paper to investigate the ported in the literaturé-'° Aimost all of these QCL struc-

II. OUTLINE

Ill. TYPES OF QUANTUM CASCADE LASERS

0163-1829/2002/68.2)/12531329)/$20.00 65 125313-1 ©2002 The American Physical Society



FARHAN RANA AND RAJEEV J. RAM

06 T T T T T T
superlattice superlattice gain A
0.4} injector stage Al
L ¥
A
02 : il
S ;
2 Af]
> ]
(= 0) LY i
(] d L &
: o
L m u ’
-0.2 1
,—""'""" Nphoton
U emission
-0.41 Z 1
minibands
-0.6

0 20 40 60 80 100 120
Distance (nm)

FIG. 1. Superlattice quantum cascade laser.

tures can be classified into two categories:
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energy levdls) of the next gain stage.

In this paper, photon noise and current noise in only mul-
tiple quantum-well QCL's is discussed. The methods pre-
sented in this paper are fairly general and can be used to
analyze noise and dynamics in a wide variety of QCL's in-
cluding those with superlattice gain stages. We have chosen
to focus on the QCL structure shown in Fig. 2. The operation
of this QCL is as follows. Electrons tunnel from the energy
states in the superlattice injector into level 3 of the gain
stage. Photons are emitted when electrons make radiative
transitions from level 3 to level 2. Transitions from level 2 to
level 1 occur primarily by emission of optical phonons. Elec-
trons leave the gain stage from level 1 by tunneling out into
the superlattice injector of the next stage. In addition, elec-
trons also make nonradiative transitions from level 3 to lev-
els 2 and 1. In this paper we will linearize the nonlinear laser
rate equations around a stable operating point to study the
noise. The QCL structure we study is fairly general in the
sense that the linearized dynamics of many different multiple
quantum-well QCL's can be described by a three-level sys-
tem with an injector state, or with an even simpler model.
Therefore, with minor adjustments the model presented here

(1) Superlattice QCL'sSn which the gain stage consists of can be used to study different multiple quantum-well QCL
a superlattice structure and the photons are emitted when thgructures that have been reported in the literature. For ex-
electrons make transitions between two minibands of thismple, in the multiple quantum-well QCL structure employ-
superlattice. These minibands are actually clusters of closelyng diagonal radiative electron transitions described in Ref.

spaced energy level§ig. 1).1671°

20 level 3 is the same as the injector state, and level 1 is the

(2) Multiple quantum-well QCL'$n which the gain stage same as the injector state of the next gain stage. The linear-

consists of multiple quantum wellgypically two or three

ized dynamics of the QCL in Ref. 20 can be captured in the

and the radiative electronic_transitions occur between twanodel we present in this paper if the transition rates from the

discrete energy level@ig. 2)."712

injector state into level 3 and from level 1 into the injector

In both types of QCL's, two successive gain stages argtate of the next gain stage are made very fast.
separated usually by a superlattice structure known as the

injector. The superlattice injector has a minigap that prevents, pate EQUATIONS AND STEADY-STATE SOLUTIONS

the electrons from tunneling out into the injector from the
upper energy levéd) of the previous gain stage and, there-

For the multiple quantum-well QCL structure shown in

fore, increases the radiative efficiency. Electrons from thd=ig. 2 the nonlinear rate equations for the electron and pho-
lower energy leveéb) of a gain stage can tunnel into the ton densities are as follows,
injector, and the injector injects these electrons into the upper
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FIG. 2. Multiple quantum-well quantum cascade laser.
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In the above equationsy, is the electron density (cnf) in

thekth energy level of thgth gain stagel!, andJ) , are the 1
electron-current densities (¢rf) tunneling into level 3 and
tunneling out of level 1 of thgth gain stage, respectively.

Only in steady statd}, equalsl . S is the photon density

(cm™?) inside the optical cavityS, is equal to the total

number of photons inside the cavity divided by the willth

and the length. of the cavity.v is the group velocity of the 04
lasing mode and is the optical gain (cm?') contributed by V,,:////
a single gain stagd.! is the mode-confinement factor for the -
jth gain stageN is the total number of cascaded gain stages.
R3, is the net transition rate from level 3 to level 2 through
nonradiative processes and spontaneous emission into the
nonlasing modes. SimilarlfR;; andR,, are the net transition 1
rates from level 3 and level 2 into level 1, respectively, is < V77 occupied
the spontaneous emission factbiP,,, is the output pg({))wer states
from the laser.n, is the power output coupling efficiency « Ky .
and 7, is the photon lifetime inside the cavity. The expres-

sion for 7, is, FIG. 3. Energy subbands of the three levels of the gain stage.
Most favored electronic transitions by optical phonon emission are
almost horizontal in th&(K)-k space.

most favored electronic
transitions via optical
phonon emission
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Energy

1
—=vglaitay) =vyg
™

: (6)

N 1I 1
L Vrarz
whereg; is the internal loss of the cavity,,, is the loss from

the cavity facets, and; andr, are the facet reflectivities. To proceed further, analytical expressions for the transition
The power output coupling efficiency, from the facet with  rates are required. These transition rates can be approximated

Jout(Ny)=J. (10

reflectivity r is as
(1-ry\r, o N3
= . (7) Ras(N3,N5)=—, 11
T AT+ (1 1) Vi) (@t @) A=y (D
For simplicity it is assumed that all the gain stages have Ns
the same mode-confinement factor, ilF.=T for all j. This Rsi(ng,ng)= P (12)

assumption is valid if all the cascaded gain stages are located
close to the peak of the transverse profile of the optical mode

where the field strength varies slowly. Even for QCL's with R,y(Ny,Ng)= E (13
large number of gain stages numerical simulations show that T21

corrections to the solution obtained by assumind alto be

equal are small. Under this assumption, the steady-state elec- Jout(N1) _ M (14)
tron densities), are the same in all the gain stages, and the g  Tout

indexj may be suppressed when calculating the steady-sta

electron densities t'Iehe rationale for the approximations in Eq$1)—(13) is that

optical phonons are largely responsible for intersubband
transitions. As shown in Fig. 3, optical phonon mediated in-
tersubband transitions that are almost horizontakE (k) -k
Below threshold plane are more likely to occdf. Therefore, the transitions
The steady-state solution to the rate equations can pates from an upper to a.Iower subband are not much affected
found by setting all the time derivatives equal to zero and?y the electron density in the lower subband, as long as the
putting J;,=J. Below threshold, steady-state carrier densi-€lectron densﬁy in the lower subband is small. More compli-
ties can be found by puttin§,=0 and solving the equations cated expressions for these transition rates, such as,
(the indexj has been suppressed

Steady-state solutions

Ng Nk
Rak(Ng,M) = —— — (15
J ae Tgk  Tkq
Ra2(N3,N2) +Ray(ng,ng) = q’ (8)
may be used if necessary.
_ The expression fad,,; in Eq.(14) does not depend on the
R =R . 9 > out’ : . -
3Ns.N2) =Rar(N2,N1) © electron density in the injector since electrons in the injector
The third equation can be obtained by realizing thal; is  states are assumed to relax very quickly into the ground state
also a function of; of the injector that is spatially localized near the next gain
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stage. Using Eq$11)—(14) in Egs.(8)—(10), expressions for (I—Ju)
the carrier densities can be obtained as a function of the Sp= ﬂrNTTp- (28)
current density,

_ J 73T

ng= ,
g 732t 731

hv
(16) Pout= nomEN(l —ln), (29

where the threshold current density, and the radiative ef-
_J s 17y ficiency 7, are

no=— ,
g T3t 731

R 1.1 ) ! (30)
n1=%7'out- (18) th NTvgar, | 735 731/ (1= 701/ 730"
T21 731
Above threshold 7=|1- E) (ot 720 (31

'Above threshold, the gain 15 clamped to a value deter:l_he radiative efficiencyy, for a QCL is defined as that frac-
mined by equating the gain with the loss

tion of the total number of electrons injected into each gain

N 1 stage per second that contribute to photon emission.
E Fivgg(nj ,nJ'Z):ergg(ns,nz): — (19 Equations(25) and(26) show that above threshold, even
=1 Tp though the gain is clamped to its threshold value, the electron

For perfectly parabolic subbands, the expression for the gaiflénsities keep increasing with the bias current. This is in
may be approximated as contrast to what happens in a semiconductor diode laser in

which the carrier density in the lasing state does not increase
g(ns,ny)=a(nz—n,), (200  beyond its threshold value. As a result, an increase in the
. injected current density in QCL's does not only lead to an

In the parabolic band ap- j,reage in the photon emission rate but it also leads to an
increase in the rate of nonradiative transitions. For this rea-
son, QCL's tend to have radiative efficiencieg signifi-
=~ = (22) cantly smaller than unity. If the lifetime,, of the electrons

Lp €oNetiho(2732) in the lower lasing state is much smaller than both the non-
radiative lifetimes,r3, and 73, then the electron densities in
vacuum dielectric constant,; is the effective index of the €vels 3 and 2 would not increase much beyond threshold,
optical mode), is the lasing wavelength, 2,) is the full ar_1d the radiative efficiencyy, would be cl_ose_ _to un_lty. As
width at half maximum(FWHM) of the optical transition, Will be shown later, the value o, has a significant impact
andL, is the length of a single gain stage over which the@n the noise properties of QCLs.
integration is performed when calculating the mode- Figure 4 shows the electron densitiesandn; plotted as

confinement factoF . The carrier and photon densities above@ function of the bias current. The values of the various
threshold can be obtained by solving the equations device parameters used in generating Fig. 4 belong to the
QCL reported in Ref. 11, and these values are given in Table

where a is the differential gain.
proximationa is®>

1 Amq?23,

where zg, is the optical dipole matrix elemeng, is the

ng n, J I. Figure 4 shows that the rate of change of electron densities
Rai(Ng,N1) + Raa(nz,ny) = —+ — =, (22)  in levels 3 and 2 with the bias current exhibits discontinuities
s Ta at threshold. This can be confirmed by comparing Eg5)
Jout Ny J and (26) with Eqs.(1.6) anQ(l_?}. As_ will be shownilater in

—_— ==, (23)  this paper, these discontinuities in the rate of increase of

q Tout G electron densities with the bias current result in a disconti-

nuity in the value of the differential resistance of the laser at

1
NIvga(ng—n,)= - (24)  threshold.
p
which results in V. THEORETICAL MODEL FOR NOISE
AND FLUCTUATIONS
_J 721731 ( 1 731 . . . .

Ny=— , (25 The model for the noise presented in this paper consists of
q 71t 731 \NTvgary) 7o+ 73 a set of coupled self-consistent Langevin rate equations for

3 ror 1 , the fluctuatio_ns in the eIectrqn de_nsity in different energy
== 21731 _< 2 (26)  levels of a gain stage. Fluctuations in the electron density are
q 71t 731 \Nlvgary) 7o+ 73 caused by radiative and nonradiative scattering processes,
electron-tunneling processes, and also by fluctuations in the

J current injected into the gain stage. Fluctuations in the cur-

N1=~=Tout» (27) : ;

q rent are a relaxational response to electron-scattering and
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N

T ' ' ' i d oS, j i snl Nsp i
: _ " :le I'ug| a(sns—onb) Sp+m +g(n},nb) S,

- 3

E % 5S N

& 8 - —2—F + 2 fhs, (35

=) . Tp j=1

= ]

= o

2 g WL6S,

8 5 OPoui= nohv ~ +F,. (36)

5 5

5 ] Equations(11)—(13) have been used above for approximat-

© ° ing the transition rate®qy. f3,, f3;, andfy; are Langevin
sources that model the noise associated with the nonradiative
intersubband transitions and also the radiative transitions into

the nonlasing moded$zy andfrgare Langevin sources that
lbias / ki model the noise in photon emission and absorption from the
FIG. 4. Electron densities in level 3 and level 2 of the gain stageIahSIrt1g TOdef'F'- atr;]d Fo q%}szrlllbti thLe nos? aSS.OC|ated with
and the output power per facet are plotted as a function of the bi oton OShS. romthe (ia(\j” " ed arr]lg_evm nollsg sources b
current. There is a discontinuity in the rate of increase of the elec: ave a white spectra enSIf[y an_ their correlations can be
tron densities with the bias current at threshold. For values of théound by the methods desprlbed in Ref. 21'_A" the ”Onze“?
QCL parameters see Table . correlations among the noise sources are given in Appendix
A.

tunneling events occurring inside all the gain stages of the
QCL, and they are also caused by sources external to the B. Linearized electron transport, Coulomb correlations
laser that include thermal noise sources associated with cir- and noise
cuit resistances. Photon-density fluctuations are also modeled | grder to determingJl,, andJ! , the electron transport
by Langevin rate equations. Electron-density fluctuations i”[hrough the active region needs to be looked at in detall.
different gain stages are all coupled to the photon-densitgelf.consistent modeling of electron transport in multiple
fluctuations and also to .the fluctuations in thg current thahuantum-well structures poses a significant challenge and the
flows through all the gain stages connected in series. Thgieady-state current-voltage characteristics of QCL's are dif-
system of equations obtained this way can easily be solvefloit to compute accurately. In this paper a slightly different
analytically or numerically to give the spectral density of theapproach has been adopted that is more useful for the prob-
photon-number fluctuations and the current fluctuations. Thgsm ynder consideration. A self-consistent model for the fluc-
methods described in this paper can be used to study a vagyations in the electron-current density and the electron-
ety of QCL's that have been reported in the literature. charge density is presented. It is shown that self-consistent
analysis of current density and charge-density fluctuations
A. Linearized Langevin rate equations for electron and photon ~ can be carried out in terms of only a few device parameters.
densities The values of these parameters can either be determined ex-
erimentally or computed theoretically from more detailed
elf-consistent transport models. The method used in this pa-
per to estimate the value of each parameter will be discussed
when we compare the theoretical model with the experimen-

The nonlinear rate equations can be linearized around a
bias point to obtain rate equations for the fluctuations. Lin-
earized Langevin rate equations for these fluctuations are

. . . . tal results.
dony &3}, ony on} J- J- J- Nsp The expression for the direct sequential tunneling current
dt ~ q 1o T_?’l_r vgl a(ong—on3)| Spt density from the injector state into level 3 of the gain stage
can be written &4
i ni _fl il i
+g(n3’n2) 584 f32 f31 fRN’ (32) ‘]in:Jin—forward_Jin—backward
donl ol sl X d?k [ d%k’ 27T|T 2
onk onl onk o ( N = qf f—— K
- = - 24Tl - J + _SP 2 2 2 2 f ’
at 1 T Mvgla(onz—aony)| S, WL (2m)=J) (2m)

X fj:odEA[E_Einj(E)]A[E_Eg(E’)]

+g(nk,nb) S, [+ fl— b+ Ly, (33

XF(E— ain) —F(E—na)], (37

dony 51’3+5_njz+fj Ll ~ 0Jout (34  Where the forward and backward components of the injection
dt 733 7 A g current are
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TABLE I. Device parameters used in numerical simulatidfom Ref. 1).

Parameter Value
Lasing wavelengtix 5.0 um
Operating temperature 20 K
Number of gain stageN 25 (unless stated otherwise
Total confinement factoEJN:ll"j erf(0.019N)~0.02N
Cavity widthW 11.7 um
Cavity lengthL 3 mm
Facet reflectivities ;,r, 0.27
Cavity internal lossy; 11 cm?
Mode-effective indexnq¢; 3.29
Mode-group indexg 3.4
Differential gaina ~4.0x10° cm
Length of a single gain stads, 45.3 nm
Tin s Touts T3 1.0 ps
T2, T1 *
732 2.1 ps
731 3.4 ps
T21 0.5 ps
Cinj 0.31 uF/en?
Cs, C; 0.56 wF/cn?
Cy 0.81uF/cn?
Xin» Xout ~1
d2k’ 2 of electrons in the injector state and level 3 of the gain stage,
Jin—forward= qf j — T respectivelyA(E) is a normalized Lorentzian function with
(2m)?) (2m)? h FWHM equal to the broadening of the energy levels, and

f(E—u) is the Fermi-Dirac distribution function with a
chemical potentialw. Expressions similar to Eg37) can
also be written for the phonon assisted tunneling current den-
sity. The analysis presented in this paper is independent of

x| dEAE-E L (RIAE-Es(K)]

X f(E— pin)[ 1= F(E— ug)], (39) the specific nature of the ele'ctron—tunneling nlechanisms. In
what follows, E;,; and E3 will stand for E;,;(k=0) and
d2k’ 2 E3(I2=O), respectively. The tunneling current in EQR7)
Jin—backward= qf 2 )zf (2m)2 & —— Tk |2 depends upon the following three quantities: the difference
a aw

(minj— Einj) between the injector chemical potential and the
energy of the injector state; the differenge;- E3) between

y foo dEA[E_Einj(IZ)]A[E_ E3(IZ’)] the chemical pqtential and the energy of level 3 of the gain
—w stage; the relative differencee(,;—E3) between the ener-

gies of the injector state and level 3 of the gain stage. The

X f(E—u3)[1—fF(E— pinj) ], (39 current can change if the number of electrons in the injector

_ _ _ level or in level 3 of the gain stage changes. The current can
where Ty i is the coupling constant and is related to thealso change if the energy of the injector level shifts with
transmission probabilityE;,;(k) andE;(k) are the energies respect to the energy of level 8J;, can be written as
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. C_E. . - 1.4
5‘]{'”_ 5J|n/5(ﬂlnj EIT‘IJ) n;n. 0dinl 6(pu3—Egz) nj3 Ninj ng Ning
SMinj 8 stinj —Einj) ~ ™" 8N3/ 83~ Eg) 2 |
LR n2
4 gfl N
+5( S )(5E,m SEL)+qfl, (40 il I n,
g 0.8} 1 ) l '
8din 8din OJinj > e
= ey i g 4 SE, _E 5 A
Ninj N3 (Einj—E3) 2 06 2 -
j j u . A0 TR
><(5E|n] oE3)+afi,, (41 0.4l , 't-l:;h».r )
wheref;, is a Langevin noise source that models the noise in onized
electron tunneling. Noise in electron transport by sequential 02 E’:;Zits J
tunneling in multiple quantum-well structures can be de- =

scribed with Langevin noise sources. In Refs. 2,3 the current Y 30 10 50 e 70 80
noise in double-barrier resonant-tunneling structures is
evaluated using classical discrete master equations. Under
suitable conditions a discrete master equation may be con- F|G. 5. Charge densities associated with the electron densities
verted into a Fokker-Planck equation, and if the quctuaﬂon%nIn , dng, n,, anddn; are shown. The electron charge densities
are relatively small a Fokker-Planck equation can be linearare |maged on the positively charged ionized dopants present in the
ized around a stable steady-state solutisee Ref. 25 for superlattice injector of the subsequent stage.

detailg. Langevin rate equations can be used in place of

linearized Fokker-Planck equations since the two formalism?j +1)th gain stage, as shown in Fig. 5. Therefore, the fluc-

. 5 . _
are equivalent® It can be shown that Langevin rate equa tuation 5V! in the potential difference across thh gain
tions yield results identical to those presented in Refs. 2,3 for
stage can be written as

the current noise in double-barrier resonant-tunneling
devices?® A linearized analysis based on Langevin rate equa-
tions may become invalid for highly nonlinear devices. The
correlation function for the noise sourég, is SVl =

Distance (nm})

snl_. gén génl  gon!
q inj + q 3 + q 2 + q 1’
Cinj Cs C, C,

(44)

1
WL (Dt )>:a(‘]i”*f°rwafd+‘]‘”*bac"wa’d) whereC;,;, C3, C,, andC; are capacitances that relate the

incremental change in the potential difference across a gain
X jqo(t—t") (42) stage to the changes in the electron densities in different
energy levels. Using first-order quantum-mechanical pertur-

. bation theoryE!,; — SE} can be related to the fluctuation in
~ —Xin%jqo(t—t"). (43)  the average potential difference between the injector level
q and level 3 of the gain stage. The fluctuation in the average

potential difference between these two levels can also be
The factoryi, relates the sum of the forward and backwar dexpressed in terms of capacitances. The expression for

t_unnelmg currents to their difference Wh!Ch is the total injec- SEl — — 5EL . therefore, becomes
tion currentJ;,. At low temperaturey;, is expected to be j
close to unity since Pauli’'s exclusion would restrict the avail-
able phase space for the backward tunneling cufr&ot. the

2 2 2 2 o]
same reasoly;, is expected to be close to unity for large SEl — sEi— a 5”fnj q°ong 9 én) 9 ony
values of the injection curretd, . At high temperatures and inj s Cihny C4 c, (o '
small values of the injection curreng;, can be larger than (45)
unity.

Although Egq. (41) for the change in current density is
derived for the case of direct sequential tunneling, it alsdJsing Eqs.(44) and(45), Eq. (41) can be cast in the form,
holds for the case of phonon assisted tunneling. Even if the
energy distribution of electrons inside each energy level in

the steady state were not a Fermi-Dirac distribution with a 8!, 1 G . 1 G, .
well-defined chemical potential, E¢41) would still hold. g o ta )? i~ | ot e ong

It is assumed that the superlattice injector is doped in inj 3
regions not close to the gain stage. Electric-field lines from G G
electron-density fluctuationdnl,;, énk, n, and on} are -1 = 5n12—(i on+ £l (46)
imaged on the ionized dopants in the injector Iayer of the C; Cy
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(G Ciig |V [[ 1 Gu|Ci
tin  Cf; " q in  C/;/ Cs
A28 snk— L Gin)Cinj [ Cin snl
1 Gjy ) Cip in D
| —+ — | |oni+ 1. (47)
Kti“ Ci’nj Cy 1 P
In Eq. (47) Gi,, ti,, andt; are given by
8Jin 1 B 1 63, 1 1 8J3;,

G' =0 = P ) - = .
" q5(Einj_E3) tin g oy’ 3 q onz

(48)

More generally, there may be more than just one energy

PHYSICAL REVIEW B65 125313

Using Eqgs.(44) and (53), éiJﬂ)ut becomes

5‘JLut_ Cinj oV Gout Cinj Gout i
T\ mr Cout) T Tl mr C. T e~ |98
. Gout%_eout i Goutﬁ
Chy G2 ¢ )* [y &
| — ] J
(tom+ cr ony+ 1l (54)
wheret,,; and G, are
1 18 6
P OUt; out:q—om- (55
tout @ ONg S(Ey—E/y;

level in the injector from which electrons get injected into In Eq. (49) it has been assumed that electrons in the injector

level 3 of the gain stage. Equatiad6) can be modified

relax into the ground state of the injector sufficiently fast so

appropriately to take into account the contributions from allthat electron occupation in the injector levels do not effect
the energy levels inside the injector. However, if the valueshe electron escape rate out of level 1 of the gain stage.

of t;, are roughly the same for all such states in the injector

Note thatG;, and G,,; can be positive or negative de-

then the final form of Eq(46) will remain unchanged, but pending upon the relative alignment of the energy lef&ls
dn;y; will then represent the total electron density in all theandE; in the steady state. The scheme used in deriving Egs.

injector states. _
Similarly, the fluctuationsJ),, in the tunneling current

(47) and (54) is fairly general and can be used to derive
self-consistent linearized transport equations for a variety of

density from level 1 of the gain stage into the injector iSQCL structures. Approximations can be made to simplify

given by the expression

sgl = 8dout! S(pu1—Eq) i 6Jout
out 8Ny /8(pmy—Ey) S(E1—Ejy))
X (8B} — SE[L)+afly, 49
5Jout ; 5Jout j j j
_ 04 SEY—SE ) +qfl .
5n1 1 5(E1—Ei,nj)( 1 In]) q out
(50)

The Langevin noise sourdg,, has the correlation function

. 1
WL<fJout(t)fgut(t’)> :a(‘]outfforward

+ ‘]out—backward) 5jq 5(t_ t ,)
(51

J
~ %“Xoutajqa(t—t'). (52

In a well-designed QCL the backward tunneling current from
the injector of the next stage into level 1 of the gain stage id

small andy,,; is expected to be close to unittii’,{j is the

Eqgs.(47) and(54). Expression fo@J{n can also be written as

5J{'n_15j_1 R N
q —a ninj 7—35n3 T—Zénz T—15n1+fin (56)
:(Cini)ﬂj_(icim‘ i),;nj_(i%
Tin/ 4 Tin C3 73 2 \mn Gy
2 (Snj—(icmj+i)5nj+fj (57)
T2 2 7in Cy1 1 Lo

For the sake of economy of notation new parameters have
been introduced in the above equation

1 1 G, 1 1 G, 1 G, 1 G
Tn tn Cl, 73 b Cy T2 Cy moCp
(58)

Simple electrostatic arguments can be used to showsthat
and 7, will be large and can be assumed to be infinite.

The injector is assumed to have a large number of closely
spaced energy leveld,,; is, therefore, largely insensitive to
he relative shifts inE; and E{,;. This implies that terms
containingG,, in the expression fofJ},, may be neglected

energy of the injector level of the next stage into which elec2nd the simplified expression fa;,, becomes

trons tunnel from level 1 of the gain stagéE’ — 5Ei’,{'j , as
before, can be expressed in terms of capacitances

2 opi 2 oni 2 o 2 5l
oni . on on on
q nj + q 3 +q 2 + q 1.
Cc! C5 (0% C]

inj

SE} — 6E/) =

inj—

(53

8J!

out

1 S
= spl £l
q 7'outénl_l—fom,
where 7, is justt,y,;. Equationg57) and(59) show that in
addition to the parameters given in the electron and photon
density rate equationfEgs. (32)—(35)], the only other pa-

(59
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rameters necessary for describing electron transport through N 7,

the gain stage ar€,;, C3, C,, Cy, 7in, 73, 7o, andry.

C. Displacement currents

The noise currendl,,;, which flows in the external cir-
cuit, is not equal todJ), or 83! ,,. 8Jex also includes dis-

placement currents and is given by the expression

i
nln]

d
8dexi= 0T+ A (60

PHYSICAL REVIEW B5 125313

( 1 Cm] 1) 721731
Ry=— = [ 14| — 20 4 =
WL Cip; Tin C3 73 Tyt 731

n icinj+i T21731 +( 1 C|nj+1)7_

Tin Co 7o) Tt 7 \7in Cy out
(65)
N
WL ij(l-l- O3+ 6,+ 64). (66)

Expressions for the parameteflg, 65, 6,, 6;, and 6, are

Since all the gain stages are connected electrically in seriegiven in Appendix B. Notice the similarity between E¢84)
the same current]., flows through all the gain stages. The and (66), and Eq.(F25) for the differential resistance of in-

second term on the right-hand side of E6Q) is the contri-

bution to 8J.,; from displacement currents. Differentiating
both sides of Eq(44) with respect to time and rearranging

yields

dnly __ dovl i Cinj d S0}
Ot ~Cmigr & 9¢, dr

Using the above equation the expression ddg,; becomes

3

dsvi Cinj d 0}
8Jexi= 83+ Cinj—— TR LT, (61)
_ dovi 2 Cii\d én
_ i v _ inj k
83hui+ Cinj—q ¢ +k§=:1 q(l Ck> TR

(62

Equation(62) follows from Eq.(61) by using the particle-
number conservation equation

, .
Zq it LTI

Equations (61) and (62) satisfy the Ramo-Shockley

theoren?’

D. Differential resistance

Below threshold, the total differential resistariRg of all
the gain stages can be calculated by substituting Bd-
(18) in Eq. (57),

N 7 1 Gy 1) 73
Ry= — i, o) s
WL Cinj Tin C3 73/ Taot 731
1 C 1\ 7917 1C, 1
+< |n] ) 21731 +< inj + )Tout
Tin Co 7'2 T3t T3 \7Tn C1 0Ty
(63
N 1+ 65+ 65+6 64
WLC,n]( + 03+ 0,1 6,). (64)

terband semiconductor diode lasers given in Appendix F. Un-
like the active regions of diode lasers, the active regions of
unipolar QCL's are not charge neutral and as a result various
capacitances appear in the expression for the differential re-
sistance of QCL's.

The discontinuityARy in the differential resistance at
threshold for arN stage QCL is

ARy= N
T wL c:,nJ

( 1 Cinj 1)( 721731
Y it L1 -
Tin Co 7o)\ T3t 73

T21731
To1+ T3y

( 1 Gy L1 1
Tin C3 T3

( 732731
T3t 731

721731
To1t 731

(67)

N

WLC [(93

03)+(6,— 02)]. (68)

The incremental change in the potential drop across a gain
stage is related to the incremental changes in electron densi-
ties through Eq(44). Therefore, the discontinuity in the dif-
ferential resistance at threshold results from the discontinuity
at threshold in the rate of change of electron densities in
levels 3 and 2 of the gain stage with the bias current. Figure
6 shows the calculated and measured differential resistance
of a QCL as a function of the bias current. The experimental
data is taken from Ref. 11. The values of the various device
parameters are given in Table I. Valuesf, 73;, and g,

are taken from Ref. 11. Values of all the capacitances given
in Table | are estimated from the structure of the QCL de-
scribed in Ref. 11. Values of,, 73, and 7, are estimated
from Egs.(48) and (55). The total resistance of the ohmic
contacts and the superlattice injectors is assumed to be ap-
proximately 0.3() at threshold. The experimentally ob-
served discontinuity in the differential resistance at threshold
is exactly reproduced in the calculated results without the use
of any fitting parameters. This agreement suggests that the
self-consistent model for the linearized electron transport
presented in this paper adequately captures the essential in-
gredients.

Diode lasers also exhibit a discontinuity in the differential
resistance at threshold. As shown in Appendix F, the discon-
tinuity in the differential resistance of diode lasers at thresh-
old is KBT/thh times a factor of the order of unity, which

Above threshold, the differential resistance can be computedan be compared with the more complicated expression

by using Eqs(25)—(27) with Eq. (57)

given in Eq.(67) for QCLs.
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10 r T T
: Circuit A
~ S - experiment 0 loxf(®)
a | P
R
8 ". theory y
g it ! Z() | 8
° |1
§ 6 ‘1. 6 V; biasing voltage
8 i | discontinuity (ARg) in the differential| | source
% ‘.‘ resistance at threshold
O 4l
m 4 - -
T 4l CircuitB  _ _ _ _ _ o
= [ | 1 N R (0))
g . L AAAAA
s Z(®) 1 I Zy(o)
O
£ £ 1] gl %
a 1t 1 1, 1
bias T -
0 . . . C Ve(@)  1=m = Z() | §
0 02 04 06 08 1 biasing current
Bias Current (A) source
FIG. 6. Differential resistance of a QCL is shown as a function
of the bias current. The experimentally measured discontinuity in oo L ,
the differential resistance at threshold is aboutQ.3The theoret- FIG. 7. Circuits used for biasing QCL.
ical model reproduces the discontinuity exactly. The experimental . .
data is taken from Ref. 11. cgrrent noise generated by the |njecjt0r can alsp be modeled
with an impedance and a voltage noise source in séoiea
E. Electron transport in the superlattice injector current noise source in parallelith that impedance. For the

sake of economy of notation it will be assumed that the

In this paper no attention has been given to modeling thémpedanceZ () represents not just an external circuit im-
electron transport through the superlattice injector. In the abpedance but the Thevenin equivalent impedance of the su-
sence of any bias current, the energy levels in the injector argerlattice injectors, device ohmic contacts, external circuit
not suitably aligned to facilitate electron transport and theresistances, and device and circuit parasitics, and the voltage
resistance of the injector region is large. As the bias currenioise sourceSV, represents the Thevenin equivalent of their
is gradually increased electrons pile up in different quantumindividual noise sources. Only the gain stages inside the
wells until their presence modifies the potential profile andQCL are not included withiZ(w) and they are represented
aligns the energy levels such that the electron current capy the impedanc&(w). However,Z(w) will be loosely re-
flow. Once the injector has beéurned onin this fashion, the  ferred to as the impedance of the QCL. The current noise
differential resistance of the injector region is negligible, andgenerated by the gain stages can also be modeled by adding
the only bottleneck for electron transport is the gain stage. Ag current noise source in parallel wiflfw) as shown in later
a result of the small differential resistance of the injectorsections.
region, any current noise originating in the injector region  Direct-current modulation of the QCL can be achieved by
will not couple well into the external circuit. Therefore, elec- adding an rf voltage source in series wikhy, and this rf
tron transport in the injector region may be ignored whenygjtage source can also be represented by the voltage source
modeling noise. If necessary, the impedance of the superlay_. From the context it will be clear whetheV, repre-
tice injectors can be modeled with a lumped element and thgents a rf signal source or a noise source.
current noise generated inside the injector regions can be Semiconductor lasers are frequently biased as shown in
modeled with a voltage source in seri@s a current source circuit B in Fig. 7. The laser is biased with a current source
in paralle) with that element, as shown below. A detailed jn series with an ideal inductor, and it is also capacitively

discussion of the current noise in superlattice structures igoupled to a voltage sourcéV, with a series impedances
beyond the scope of this paper. Z.(w) andZ,(w). If at frequencies of interest the inductor
and the coupling capacitor are almost open and short, respec-

F. Biasing electrical circuit tively, then this circuit is also equivalent to circuit A. There-

fore, in this paper only circui will be considered. In circuit
Two electrical circuits for biasing QCL's are shown in A the currentsl o, can be expressed as

Fig. 7. In circuit A, the QCL with an impedancé(w) is
biased with a voltage sourdg, in series with an impedance

N
Z(w). The thermal noise originating in the impedance 5V5(w)—z V()
Z(w) is modeled by adding a voltage noise soustk . The _ _ =1
differential impedance of the superlattice injector and the Olext( @)= Oexi @) WL Z(w) - (69

125313-10
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response of QCL's. Some of the results discussed in this
section were first presented by the authors in Ref. 26. The

 AAAAA SIm;as(ra)) modulation response can be found by solving E@®)—
R, + &l (0) (36), together with Eq(57) and(59), and setting all the noise
sources equal to zero. The external circuit constraints ex-
C_ &V (@) _— 3 Z(w) pressed in Eq961) and (69) must also be enforced. Equa-
T <] tions (32)—(34) for each gain stage are coupled to the same
o set of equations for all the other gain stages through Egs.
(35 and(61). Such a large system of coupled equations can

be solved only numerically. A numerical approach, although

I I Thevenin equivalent circuit model simple to implement, is not very instructive. With the ap-
proximation that all gain stages have the same confinement

factor I', a significant portion of the work can be done ana-

— VWA lytically. This approach will be followed in this paper. All
Zs(e) Y 3lex(®) equations, unless stated otherwise, will be expressed in the
m a frequency domain.
(. 8Vq(w) 8 Z{w) The relationship between the current density,,(w),
which flows in the external circuit and the total potential

drop 6V(w) across all the gain section can be obtained by
using Eq.(57) in Eqg. (61), and summing over the indgx

Cinj V(0) N 8Jeyfw)
Tin 0 (Itjo7,) 9
3
LG, L
=1 (7n Gk (ltjomy)

FIG. 8. Thevenin equivalent circuit model indicating the distinc-
tion betweensl o, w) and 8l ead w)-

It is important to note here thadl.,(w) may not be the
noise current that would be measured in an experiment. For
example, suppose that the QCL has a parasitic capacitance (72)

C, in parallel with the actual device, as shown in Fig. 8. The

QCL is driven with a series resist&, and a noise voltage Tpe following new symbols have been introduced in Eq.
sourcedV,(w) representing the thermal noise in the resistor(72),

R, . Figure 8 shows the distinction between the noise current

Sl oy w) defined in Eq(69) and the noise curreml ;,c,{ @) N

that would be measured in an experiment. Notice that the _ - _

Thevenin equivalent impedanZg(w) is a parallel combina- 5Nk(w)_j§1 oni(w) wherek=123 and
tion of the resistanc®, and the capacitandg,. Z4(w) and

SN ().

N

oV are :
(@) N(w)=>, Vi(w),
Zyw) ° V() = ol) N
s\W)= " 5~ s\W)= " 5~
(1+]o RsCo) (1+]o ReCo) 70 Using Egs.(57), (59), and(72) in Egs.(32)—(35), summing
over the index and arranging the resulting equations in a
and the relation betweefl o, w) and 8l ead ®) is matrix form gives
Ol mead @)
Olexd @)= [1+jwZ(@)Cy’ (72) Dy D D1z O ON(w)
. . . . . 0 D2, Dj3 D2 ON3(w)
Choosing to defin&Z(w) this way helps in formulating a
noise model that is independent of the specific nature of the D31 D32 D3z Dag || 6Nj(w)
device parasitics. 0 Ds; Daz Daa] | 6Sy(w)
0

VI. SOLUTION OF THE COUPLED EQUATIONS
N 8Jex(w) | O

:(1+jw7'in) q 1

A. Current modulation response

In this section, the respong®,,(( w)/ Sl oy @) of QCL's
to external sinusoidal current modulatiofl ., (w) is 0
determined® The frequency dependence of the photon-noise
spectral density of semiconductor lasers is directly related tdhe coefficients of the matri® can be found from Egs.
the frequency dependence of the current modulation ref32)—(35) and they are given in Appendix C. The solution of
sponse. It is, therefore, instructive to look at the modulatiorEq. (73) can be written as

(73
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SNy (o) D5 (w)
SNa(w) | | Dag(w) N 8Joyw)
SN3(w) Di(w) |(I+jor,) q
5Sy(@) Du3 (w)

(74)

The coefficients of the matri®~* are given in Appendix D.
Equation(74) can be used in E(72) to calculate the total
impedanceZ(w) of all the gain stages

N Tinj 1
WL Cinj (l+jw Tin)

3
Z = 1+ —
() k=1 (Tin Ck

| =

Z(w=0) is just the differential resistandgy of the QCL
given earlier in Eqs(63) and (65). Finally, from Eqs.(36)

PHYSICAL REVIEW B65 125313

Equation(77) has the standard form used for semiconductor
diode lasers(see Appendix F and Ref. 21The damping
constanty can be related tog

=K 0&+ o, (81)
where
K=, (82
1 1 T T
— =+ = <2+i‘)
731 732 TpTst 73
Yo~ To21 T21 T 21 i ®3
1+—+—+i‘+—(2+i‘)
731 T32 T3  Tst 73

The K factor describes the damping of the QCL modulation
response at high photon densitigg.has a weak dependence
on the photon density through;; and it approaches 4/ at
large photon densities.

If the condition wr<y/2 is satisfied then Eq(77) de-

and(74), the current modulation response can be written asscribes a second-order overdamped system. For QCL's that

SPoui(@)  hv N Dyg(w)

=n,— _ 76
Slo@) 707q 7 (1tjw 7m) (76)

have been reported in the literature this condition holds true
above threshold. Using the values of device parameters from
Table I, wg and y can be calculated. If we assume that the

output power of the laser is around 150 mW, then from Egs.

In QCL’s that have been reported in the literature the photort6) and (80) 7, and 7 are approximately 7 ps and 2.8 ps,
lifetime 7, is usually much longer than any other relevantrespectively. The resulting value of is more than three
time constant of the laser. Therefore, it is expected that thémes larger than that abg. The internal time constants in
bandwidth of the modulation response in QCL's will be lim- QCL's are usually smaller than the photon lifetimg and,

ited by the inverse photon lifetime. Above threshold, an anatherefore, the modulation response of QCL's is overdamped.
lytical approximation for the modulation response valid for An overdamped modulation response implies the absence of

values ofw smaller than 1, ,1/7;, and 1/, can be found
in the limit {7,,7,}— (see Appendix D
P ®) hv w&
~ 5 = Mo N

Mol @) q )

(0~ w*+jwy)’

where 7, is the radiative efficiency defined in E(1), and

the relaxation oscillation frequeneyg and the damping con-

stanty are
1 To1
1+—
TpTst 731
wR= T Tp S Tin T Tin| | (78)
21, 21 [ 21 [
1+ =+-—= ﬂ+—(2+ﬂ)
731 T32 T3 Tst 73
1 T21 1 To1 T
—|1+=|+—+—+ _—
Tst 731 731 732 TpTst 73
I 21 T21 T 721 Ti (79
1+—=+ =42+ = 2+ﬂ)
731 732 T3  Tst 73

In the above expressions; is the differential lifetime asso-

ciated with stimulated and spontaneous photon emission intgme inside the laser cavity.

the lasing mode and is given by the relation

—=Iv4a|S

Tst

. (80)

Nsp
WL

relaxation oscillations. In contrast, the current modulation
response of semiconductor diode lasers is underdamped and
becomes overdamped only at very large bias currents when
7t becomes smaft
For QCL’s, the 3-dB frequency, which is defined to be the

frequency at which the square modulus of the laser modula-
tion response becomes one-half of its value at zero fre-
guency, can be found from the simplified expression for the
modulation response in E77)

2 2
i | - 0h] +oit-

2
77 - w'g) . (@8

As the photon density inside the laser cavity increases the
3-dB frequency also increases but it asymptotically ap-
proaches an upper limibggmax- This maximum attainable
3-dB bandwidth can be calculated from E@4) and it
comes out to be

1
w ~ —
3dB/max 7

(85

Equation(85) confirms the intuition that a laser cannot be
modulated much faster than the inverse of the photon life-
As long as the photon lifetirge

is much longer thanr;,,, 75, and 7,; the approximations
made in deriving Eq(77) are justified. Otherwise the exact
expression given in Eq76) must be evaluated numerically.
As shown in Appendix F, in diode lasers the value of
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o e

Current Modulation Response (dB)
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FIG. 9. Absolute value squared of the direct-current modulation
response is plotted as a function of the frequency for different bia?
currents. Modulation response shown in the figure has been normale"

Absolute Value of Z{w) (Q)
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FIG. 10. Absolute value of the impedangéw) is plotted as a
ction of the frequency for different bias currents. The peaks in

ized with respect to its value at zero frequency. For values of théhe values ofZ(w) are not because of relaxation oscillations, since

QCL parameters see Table I.

the modulation response of the QCL is overdamped, but because the

smallest zero oZ(w) is smaller than its smallest pole. For values of

®3dgmax €Qualsy2/7,. The difference of a factor of/2
comes from the fact that in diode lasers the modulation re-
sponse is underdampésee Appendix F

As in diode lasers, the photon lifetime imposes a funda-

the QCL parameters see Table I.

B. Laser intensity noise and current noise

In this section the current noise in the external circuit and

mental limit on how fast QCL's can be modulated. It is not the intensity noise in the output power from QCL's is calcu-
uncommon to find predictions of tetrahertz modulation bandlated. In the Langevin equation formalism noise is added

widths for QCL's in literaturé® However, for all the QCL's

through the Langevin noise sources that were introduced in

reported in the literature so far, the photon lifetime is theEds.(32)—(36) and also in Eqgs(57) and (59). In addition,
longest of all the time constants and it is the dominant factonY Nnoise originating in the external circuit and in the super-
that would limit the modulation bandwidth of these QCL's to lattice injectors can also contribute to the current noise and
tens of gigahertz instead of tetrahertz. It remains to be seen {he photon noise and as already explained earlier, this noise
QCL structures can be designed in which the photon lifetimean be represented by the voltage soufdg. In this paper

is not the bottleneck for the modulation bandwidth.

it is assumed thadV 4 represents the thermal noise originat-

Figure 9 shows the calculated modulation response of &g in the series impedanc&(w) and its correlation func-

QCL as a function of the frequency for different values of thetion is

(6Vs(w) V(")) =2KT ReZy(w)}27 S(w—w").

bias current. The values of the different parameters of the
QCL are taken from Ref. 11 and are given in Table I. In the
numerical calculations values of all the device time constants

(86)

(except 7o) were assumed to be independent of the biasBy assuming the above correlation function for the noise
Figure 9 shows that at low bias currents the 3-dB frequencgourcesVg, we are ignoring any noise that may be contrib-
increases with the bias current and at high bias currents théted by the superlattice injectors.
3-dB frequency saturates to a value that is well approximated Including the Langevin noise sources EJ3) can be
by 1/(2,) =21 GHz. The analysis carried out in this paper Wwritten as

does not take into account device heating that may also be
important in limiting the modulation bandwidth of QCL's at
large bias currents.

Figure 10 shows the impedanZ¢éw) of the QCL plotted
as a function of the frequency for different bias currents. The
peaks in the values &(w) are not due to relaxation oscil-
lations since, as already pointed out earlier, the modulation
response of the QCL is overdamped. The peaks are due to
the fact that the smallest zero B{w) is at a frequency that
is smaller than the frequency of its smallest pole. Impedance
measurements can, therefore, provide valuable information
about the time scales associated with electron dynamics in
QCLss.
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The expressions for the noise sourées F,, F3, andF, F sty ol@)  oB@) M) |

S12(w) 3B(w) MN(w) !
are Q|CL e~ :
IAlA i _ﬁl:l_l.
N N . . ML L nnnd | nnn '
1((0 :Z Z 31(w)+f121(w)_f£)ut(w)]a L e o o o o o e e o o I

j=1 = (88) Z(w)

N N _ _ Ze(0) TN = single gain stage
Fa(w) :JZ Z 32(0) —fhy(w)+fhy(w)],
(89) V()
N N Blox(®)
Fa(w)= E E [ (w) 2T
3 = = fin (1+jo 7i,) FIG. 11. Circuit model for the current fluctuations.

—fhw) = fly(w) — Fhy(®) |, (90) V(o)

Yo ) Zw) T Zw)]

N N
- Fi(w) q Ti Fin(w)
Fow)= E 2 flyw } (91) " in | _Tin
= =1 N [Z(@)+Z(®)] Cinj | (1+] @ 710)
. . 3
The solution of Eq(87) can be written as S é 1 ij 1 )
— =1 0= Cy 1+jw T
SNy() Dlgl(w) k=11=1 7'|n k 7'k( jo Tin)
-1
SN3(w) Dy (o) [(I+jowr,) g
6Sp(w) Dy3'(w) The fluctuationsP,,(w) in the output power can be ob-
- - tained by substituting Eq94) in Eq.(92), and using Eq(36)
Dy Y (w)F
2, Du'(@)Fi(w) o o NN D w) |
4 3 out(w)_WoFT_pm ext @)
> Dyl (w)F(w) .
=1 hy WL
+ 4 : (92) g q 2, Dy"(@)Fi(@) | +Fo(w).
>, Dyl (w)F ()
=4 3l | (95)
2‘1 Dy '(@)F (@) VIl. CURRENT NOISE: RESULTS AND DISCUSSION
. . . A. Circuit models for the current noise
where 6Jq(w) In Eqg. (92) still needs to be determined. o ]
Using Eq.(57) in Eq. (61), summing over the indek and A circuit model'for the current.fluctuathns can be con-
making use of Eq(92) yields structed by attaching a current-noise soust ) in paral-
lel with the jth gain stage, as shown in Fig. 11. But current-
_ F () noise sources belonging to two different gain stages are not
N(0)=Z(@) 8 gy @) — = n independent but are correlated. This is because electron den-
Cinj | (1+]® 7in) sities in different gain stages interact with the same optical
3 field. A simpler approach, more relevant from the experimen-
1 Cipi 1 . . . . . .
_2 2 — - tal point of view, will be followed in this paper. Equation
=151 \min Gk (1t joTin) (94) for the current fluctuations in the external circuit can be
written as
-1

Ol (w).
(96)

Ol ex @)=
) Z +Z Z +Z
whereF;, =L, ] . Substituting the value 0§V(w) from [2(w)+ 2] - [2(w)* Z4(w)]

Eqg. (69 in Eqg. (93), we get the final expression for the
current fluctuationssl o, ) in the external circuit Expression fordl (w) is
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e 1 -180 =111
1 D 1 e
I_,n 7 Sl(w) : P e
1 -
1 ! I - 1
ect [ oo ann......... nnnl: wob |7 ]
1 ! L/ J
________________________ /7
Z{w) o K
k2 [
H
Z (o) = -200 |
s "”” = single gain stage ls" ] 1
X ]
3V, (@) 210 | ]
8l i current noise 1
ixt(m) ————— shot noise level
) . ) . . _220 L '] 1 | I L L
FIG. 12. A simplified circuit model for the current fluctuations. 0 2 3 4 5 6 7 8 9 10
3 Ibias / Ith
Sl (w)= 9 i F"_‘(w) -5 (1 Cinj FIG. 14. Low-frequency spectral densitj(w=0) of the cur-
Z(w) Cinj (Itjo7,) 1=\ 7in Cy rent noise is plotted as a function of the bias current. For values of
the QCL parameters see Table |. The vertical scale in dB is
Amp?/Hz.

+(1+w)) Dk‘H(w)F'(w)}. (97)
K J @ Tin presented in this paper, unless stated otherwise, are for the
QCL described in Ref. 11. The device parameters for this
CL are given in the Table I. In the numerical calculations
alues of all the device time constanfsxceptrg) were

assumed to be independent of bias. The valueg;pfand

It follows that a circuit model for the current fluctuations can
be constructed by attaching a single current-noise sourc
Sl (w) in parallel with all the gain stages of the QCL as
zrlmwn_ln Fig. 12. Equatiofb6) shpws that the current noise Yout Were assumed to be unitgee the discussion in Sec.
1(w) is equal to the current noisél () in the external  \,g) Figure 13 shows the frequency dependenc )
circuit if 6Vg(w) andZy(w) are both zero. This is also ob- {4y gifferent values of the bias current. As expecté(w)
vious from Fig. 12. The characteristics of the noise sourcgo|is over near the 3-dB frequencyw§yg) for the laser

ol (w) are explored next. modulation responséFig. 14). Figure 15 shows the Fano
factor (Appendix B for the low-frequency fluctuations of the
B. Spectral density and Fano factor of the current noise current-noise sourcél () as a function of the bias current.

) ) Near the laser threshold the current fluctuations are very

The spectral densitl{|(w) of the noise sourcél(w) can  |arge. Below threshold, the photon-number fluctuations in-
be calculated from Eq97). Most of the numerical results  sjde the laser cavity are damped by the photon loss from the
cavity. Above threshold, the photon-number fluctuations are

10..........,.......:
current noise Fano Factor

----- shot noise level

......
---------

Sr Ve =111y,
i '\ ——— =151,

K@)/ K(w=0) (dB)
&

01} 4
e = 31, ]
1= 101,

Fano Factor for the Current Noise

10?2 10" 10° 100 10° 107 10° oot Lo v oy
Frequency (GHz) 0 1 2 3 4 5 6 7 8 9 10
Ibias“th

FIG. 13. Spectral densiti,(w) of the current noise is plotted
as a function of the frequency. The noise-spectral density has been FIG. 15. Fano factor for the low-frequency current fluctuations
normalized with respect to its value at zero frequency. For values ofs plotted as a function of the bias current. For values of the QCL
the QCL parameters see Table I. parameters see Table I.
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damped by negative feedback from the electron density ifluctuations, the current noise is also large near the laser
the lasing levels. Near the laser threshold, both these damphreshold. Away from the laser threshold the current noise is
ing mechanisms are small and, therefore, photon-numbesuppressed far below the shot noise value.

fluctuations and, consequently, the electron-density fluctua- For frequencies less than,yg, analytical expression for
tions become large. Since, as discussed in detail below, the€ () can be found using the expressions for the elements of
current fluctuations are partly driven by the electron-densitythe matrixD~* given in Appendix D

.
’ ’ 732
| Xi2n+(03)2+(02)2 1+27'_31 +(01X0ut)2}
q— (I<l)
N (1+ 04+ 0)+ 0,)> "
Kl(w)|w<w3dB: ( Tt Tst)z (98)
f0— — =
| [ X+ (03+ 02)°+ (01x0u0?] (=l \ Py 27y
N > +2qnsp77r N > (I>1th).
(1+ 605+ 0,+ 67) (1+ 05+ 6,+ 67)

\

Expressions for the parametets, 65, 6,, 65, andé, are given in Appendix B. The expression () above threshold

is valid provided

1
NT'vyg— T—mo and S,>

p

Nsp
WL"

(99

It is insightful to compare the expression for the current noise inf®8).to the current noise in interband semiconductor diode

lasers. Using the model presented in Appendix F one gets

for diode [aseré\ppendix F for details

ql (I<l)
7'stz
Kl(w)|w<w3dB: (6/ _ 0) T_e (100)
q|+2q|thm+2qnspﬂi(|—|m)m (1>14h),

where; is the current-injection efficiency’ is a number of
the order of unity, and is much less than unitgsee Appen-

Equation(101), which is almost identical to EqF32) given
in Appendix F for semiconductor diode lasers, shows that

dix F). Comparing Eqs(98) and (100) one can see that be- fluctuations in the electron density in different levels of the

low threshold and also much above thresh@ihen 7—0  gain stage causes fluctuations in the current. The sign of the
andl>1,) the current noise approaches the shot noise valueyrrent fluctuations is such as to restore the electron density
in diode lasers, whereas in QCL's the current noise can bg, its average value thus providing a negative feedback. The
suppressed much below the shot noise value. The mechgnysical mechanisms responsible for this negative feedback

nisms responsible for the suppression of the current noise e discussed below. On one hand. theleetronic correla-

QCL's are discussed below.

1. Effect of small differential impedance of a single gain stage

tions suppress the current noise associated with electron in-

jection into the gain stage by providing negative feedback,

and on the other hand, they are also responsible for generat-

The total differential impedance of all the gain stages in g4 cyrrent noise in response to electron-density fluctuations

N-stage QCL is larger than the differential impedance of
single gain stage by a factor ®f. This reduces the total
noise power of the current fluctuations by a factoNpfand
thereforeK,(w) has an explicit I dependence in E¢98).

2. Effect of electronic correlations

The expression for the current fluctuatiofig w) given in
Eq. (97), for frequencies less thansqg, can also be written
as

5nf<(w)}.

(101

%aused by noise sources internal to the gain stage. Various

physical mechanisms included in our model that contribute
to these electronic correlations are described below.

(1) Coulomb Correlationslf the electron density changes
in any level of the gain stage then the electrostatic potential
energy of level 3 also changes because of Coulomb interac-
tions. As a result, the energy-level separatié;,;— 5E;
also changes, and consequently the total electron current
from the injector into the gain stage also changes. Usually
QCL'’s are not biased in the negative differential regime and
the value of the conductane¢g,, given by Eq.(48) is posi-
tive. Therefore, the change in the current will be such as to
restore the electron density in the levels of the gain stage to
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its steady-state value. Coulomb correlations provide negativaoise source$! (w), is suppressed. Electron-density fluctua-
feedback to regulate electron-density fluctuations. If a QCltions caused by sources internal to the gain stage contribute
is biased in the negative differential regime, in which themore strongly towards the current fluctuations because of the
Coulomb correlations provide positive feedbagiegative same correlations. To see this in a more transparent fashion it
Gin), the fluctuations may increase substantially and the linis best to write Eq(101) in terms of all the noise sources.
earized noise analysis presented in this paper may not Below threshold, Eq(101) becomes

applicable. In our model the effect of Coulomb correlations

was introduced through the paramet€g/Cy in Eq. (47).

(2) Pauli’s exclusion and backward tunneling curreifit Nol(w) 1

:E_e electron density increases in I_evel 3 of the gain stage then qWL (1+ 04+ 05+ 0,)
is reduces the phase space available for additional electrons

to tunnel into level 3 from the injector due to Pauli's exclu- _

sion, and consequently the forward tunneling current from +(05+ 05)fhy(w)+ 65| 1+

the injector into level 3 decreases from its average value. In

addition, an increase in electron density in level 3 also in-

creases the backward tunneling current from level 3 into the

injector and this also reduces the net current from the injector

into level 3[recall from Eq.(37) that the net current is the

difference of the forward and backward tunneling currgnts Above thresholdsl (w) is

In our model both these effects were introduced through the

parametetgl in Eq.(47) We remind the readers that later in

Egs. (56) and (57) t;! and G;,/C} were absorbed in the N ol(w) 1 N

deflnltlon ofr3 , andG;, /C; andG;,/C; were relabeled as  "qwL ~ (1+ 03+ 0,4 6,) Z

Land 7'1 , respectively. Therefore, Coulomb correlations,

Pauli’s exclusion, and backward tunneling current account

for the presence of the ternén(w)/ 7 in Eq. (102).

(3) Injector electron-density responsklere we explain
the presence of the term&,; / 7i,Cy) oni(w) in Eq. (101).
Recall that the current fluctuation® () can be evaluated
by looking at the current fluctuation® ., ( ) in the external
circuit whenZ¢(w) is zero and all external voltage sources
are incrementally shorted, and the sum of the fluctuations i

voltage across all the gain stagee., 2'-\‘=15Vj) is, there-
fore, also zero. Under these conditionjs the relationship b%Appendllx B. If:;gm Egs. (104)t and (l}OS) Itltls cltear thatl
tween the fluctuations in the carrier densities, expressed eatprger va uels 0 esie parameters wi res]y h'n stronger elec-
lier in Eq. (44), becomes ronic correlations, larger suppression of the current noise
associated with electron injection into the gain stage, and
N 3 & also larger contribution to the current noise from the noise

inj j . . i

— onl(w). (102 sources internal to the gain stage. The reader is encouraged

to compare Eqs104) and (105 with the corresponding ex-
pressions for semiconductor diode lasers given in B33
and(F34) in Appendix F.

A quantitative measure of the role played by the elec-
tronic correlations in suppressing the current noise can be
obtained by multiplying the Fano factor of the current noise

(103 by N. It has been mentioned earlier that a factor oi 1/

appears in Eq(98) because the total differential impedance
Equation(103 shows that the current fluctuations are pro-of all the gain stages is larger than the differential impedance
portional to the total fluctuations in the electron density inof a single gain stage by a factor Nf Therefore, multiplying
the injector states of all the stages. Sije ;6V/(w)=0,a the current-noise Fano factor byremoves this explicit N
net increase in the electron density in different levels of alldependence in the current noise and the resulting expression
the gain stages must result in a net decrease of the electrean only be less than unity because of electronic correlations.
density in all the injector states, and consequently, the curFigure 16 shows the current-noise Fano factor from Fig. 15
rent being injected into the gain stages must also decreasgwltiplied by N. Below threshold and much above threshold,
This effect is captured through the termsC(/ N times the current-noise Fano factor is less than 0.5. This
7in Ci) Oni(w) appearing in Eq(102). implies that electronic correlations are responsible for sup-

As a result of the electronic correlations described abovepressing the current noise by a factor greater than 2. From
the current noise associated with electron injection into théEq. (98), expression for the current-noise Fano fad¥pican
gain stages, which is represented in our model through thbe written as

fl (0)+6:f (o)

2

732\ i
—1fl(w
o (@)

, 732

03— 05— (104)

) 132((1)) .

fl (0)+ 615 (o)

Tst
R — 02
7'21 731

+( 03+ 0p)[ L) + Fhy(w) ]+ 0

: FL(w)
x| fhg @)= =

(105

IJ.l\lote that the strength of the electronic correlations depends
on the values of the parametefs, 65, 60,, 6,, and 6,

\ZE=
B
T

|
™M
\7
O

Equation(102) can be used to write E¢101) as

NSl () 51
qWL 1,21 |: 5n=n](w)_k21 (T_kﬁn{((w)

+1l (w)].
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)
X5+ (65)2+(65)?

732
1+ 2_) +( alXout)z}
731

Y 2 (1<ltn)
NXF 1 (0)] o agys= S (1+ 03+ 65+ 0,) (106

[ X+ (03+ 602)°+ (01X0u)?]
(1+ 63+ 6,+ 0,)?

(I>14).

\

For semiconductor diode lasers, using EP0), one gets noise in diode lasers is just the noise associated with carrier
injection into the active regiofsee Appendix F
Fi(o)yugg=1 (1<l and 1>1y). (@09 ? i

_ . ) gl(1+26") (I1<ly)
At frequencies much higher than the inverse of the small- K (w)|,_...=

est time constant of the QCL the current noi¢w) is just ql(1+260)+2q 1iy(0' = 6)  (1>14h).
the capacitive response to the various electronic transitions (110
that occur inside the gain stages. In the limi
—o, K,(w) is given by the expression C. Scaling of the current noise with the number
2 2 of cascade stages
' Cinj|” 5> [Cinj|” >,
Kl(w)lw—wozqﬁ[(l_ c ) Xin+( C ) Xout} In QCLs spectral densityK,(w) of the current noise
3 ! obeys a simple scaling relation with respect to the number of
q’WL Cinj Cinj 2 cascaded gain stagéksand this relation can be determined
TN |Rle, T, from Eq. (97)
R (cmj cmj>2 N2K,(@,/1i5,N)=N"?K,(w,1/1;,,N"). (11D
e Ci According to the above equation, the spectral density of the
Co. Coi\2 current noise, when expressed as a functioi/bf,, scales
+Red| o CJ) } (I<ly). (108 as LN This scaling relation foK,(w) holds for all fre-
3 2

quencies provided that the transition ragg(n; ,n,) and the
Above threshold, an extra term material gaing(ns,n,) are linear functions of the electron
(=14)/C Co\2 densities and the total mode-confinement factor also scales
_ _th/ | Zinj _ ~inj linearly with the number of cascade stagés
is added to the above equation to account for the stimulated. Spectral density of the current noise in the external circuit

transEions. Semiclonorlluctofr diode rl]aslgzrs, on ﬂ;]e other hand, gquation(95) shows that the quantity that affects the pho-
are charge neutral. Therefore, in the limit-c2, the current 4, noise is not the current noigé(w) but the current noise

Equation(112) shows that in the presence of a large imped-
anceZg(w) the current fluctuations in the external circuit are
suppressed. The total differential impedance of a QCL is
usually less than 1Q. Therefore, for even a moderately
large impedanc&(w) the current noise in the external cir-
cuit can be dominated by the thermal noise from the imped-
FIG. 16. N times the Fano factor for the low-frequency current anceZ¢(w). Experimental measurement of the current noise
fluctuations is plotted as a function of the bias current. For values ofvould, therefore, require a relatively sensitive measurement
the QCL parameters see Table I. scheme. High-impedance suppression of the current noise in

3 m—rrr——rrrrr in the external circuitl o3 w). WhenZg(w)#0 (), which
> ] is usually the case, the; () is not the same a, ().
B o5l — Nx (Fano Facton) ] Expression fol;_ () follows from Eq.(96)

g [ || ====- shot noise level

£ o ] o ()= 2@ )
3 [ ] w)= )
g ] ] lext |Z(w)+Zy()]? Z(w)+Zs(w)| !

=

s 2KsTREZ(w)} Z(0) |?

g = >t 7 | Ki(w).
5 |Z(w)+Z )] (w)+Zg(w)

" (112
o]

c

4]

L

x

P-4

0-.I- PR RN B NN |

0 1 2 3 4 5 6 7 8 9 10
Ibias“th
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FIG. 19. Low-frequency spectral densky(w=0) of the laser-
intensity fluctuations is plotted as a function of the bias current.

henZ, is large (50Q2) small amount of squeezing is seen at high
bias levels. For values of the QCL parameters see Table |. The

L . ) . : vertical scale in dB is WafttHz.
the external circuit can influence the laser intensity noise, as

FIG. 17. Fano factor for théow-frequency noise in the laser
intensity is plotted as a function of the bias current. For values o
the QCL parameters see Table I.

shown in the following section. from both the facets of the laser is collected before the noise
is evaluated. This is equivalent to assuming that the output
VIIl. PHOTON NOISE: RESULTS AND DISCUSSION coupling efficiencyz,, defined earlier in Eq(7), is
A. Spectral density and Fano factor of the laser intensity noise a
The spectral densitip(w) of the intensity noise can be no:(aer aj)’ (113

calculated from EQq.(95). The Fano factor for the low- . . . . . .
frequency fluctuations in the laser output power is plotted aén pra9t|ce th'? can be achieved by high-reflection and a.m"
a function of the bias current in Fig. 17. The numerical re_reflectlon coatings on the laser facets so that most of the light
sults presented here are for the QCL structure described {Ho™MeS out from_ only one fa(_:et of the laser. When _the value
Ref. 11 (see Table )l The relative intensity noiséRIN) is of t_he external mpedanc;s IS 0 .Q’ the photon noise re-
plotted in Fig. 18. In each figure the respective shot nois ains above the shot-noise liniftig. 19. Even at high bias

limit is also shown. It is assumed that the light coming out evels no amplitude_ sq_ueezing is observed despite the fact
that the current noise is suppressed much below the shot-

T T T T T T noise value as shown earlier in Fig. 15. Whep=50 Q,
a0 T 1] and the current noise in the circuit is further suppressed, a
kY 1 very small amount of squeezing is observed at high bias
) ¥ ] levels (less than 0.4 dB dt=1011y).
% -120 | . Figure 20 shows the RIN as a function of the frequency
2 e 1] for different values of the bias current assumifiw)=0.
i a0 L el ] The RIN also rolls over at the frequene%dg. Elgure_ 21
£ ) RSN shows that the Fano factor for the laser intensity noise as a
£ o _—Zs-o Q 1‘:;..\% ] function of the frequency. As in all other lasers, at frequen-
E 160 F === -Z =500 (at 300K)"~ cies much higher than the inverse of the photon lifetime
4 s SHOE NOISE level | ] inside the cavity, the RIN is dominated by the noise from
E sk 345 6 7 8 9 10] photon partition at the output facet. Therefore,
" N ] Ko ()] 177, = 0 Pou. (114
_200 PR PR BT R R R M-t |

In this paper careful attention has been given to modeling
the current fluctuations in the external circuit. The question
arises if such detailed modeling of the current fluctuations is

FIG. 18. Low-frequency relative intensity noiRIN) is plotted ~ Necessary for calculating the photon intensity noise. In Eq.
as a function of the bias current. Very small amount of squeezind95) the current noisel o,( w) is included in the first term
(less than 0.4 dBis exhibited at high bias levels even when the on the right-hand side. It should be noted here that the first
circuit-current fluctuations are suppressed with a(b@mpedance. and the second term on the right-hand side in ©§) are
For values of the QCL parameters see Table |I. correlated and the spectral density of the photon noise cannot

01 2 3 4 5 6 7 8 9 10
Ibizis'.l':h
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FIG. 20. Relative intensity noisgRIN) is plotted as a function FIG. 22. Ratio of the low-frequency photon-noise-spectral den-

of the frequency for different bias current&,&=0 €1). At high  sity obtained by ignoring the term containing the current fluctua-
frequencies the RIN reaches the shot noise value. For values of th@yns in Eq.(95) to the actual spectral density is plotted as a func-
QCL parameters see Table I. tion of the bias current for different values of the impedadge

. . " . The current fluctuations are suppressed whHeris large and the
be obtained by a SImp_Ie addition of_the spectral densities 0érror incurred in calculating the spectral density is, therefore, small.
these two terms. In Fig. 22 the ratio of the low-frequencygqr values of the QCL parameters see Table .

spectral density of the photon intensity noise obtained by

ignoring the term containingl ¢,(w) in Eq. (95) to the ac- For largeZ¢(w), using the expressions for the elements of
tual spectral density of the photon intensity noise is plottedthe matrixD~* in Appendix D, analytical expression can be

as a function of the bias current for different values of theobtained for the spectral density of the low-frequency inten-
impedanceZ. When the laser is biased a little above thresh-Sity noise

old the fluctuations in the current are large and the error 2

. . . . . T
!ncurred by ignoring the term containinf.,{ ) in Eq.(95) KP(‘")|w<w3dB: hy pout[l_ o+ 270Ny _ 8
is also large. Also, wheiZg is much larger than the total Tt Ta1
differential impedance of the QCL, the current fluctuations in 1 1\2
the circuit are suppressed and the term contairdihg( w) X|—+— rit + (pohv)2NWL[R3,
can be ignored in Eq95). a1 732
o e + 72Rg+ (1— 1) %Ryy] (115
- . 00T =11 ly, ,
0 1n? —_—— = \
10° | =151y, o - 1
4 \ th 31
= ] =hv Poul 1= 70+ 27oNep| ———| | —
% \\ - — Il= 3 Ith v Ou{ o 7o Sp T21+ ’7'31) ( T31
c Ve = 10y
'E \\ shot noise ] N 12 2|4 (ohw)?N I +,8|th}
-2 [ Y Bl ” o thy
g \\ level T3y S "o q q
S0 | \ . (116
(] | e —— — b
£ - \'\ 1 7, in the above equation is the radiative efficiency defined in
7] \\ Eqg. (31). The constantsr and 8 are
5 Ny
o i \ 1 731 721
R N N a=n(1=9)+2(1-n)—— ( ) . (117
2100 ; iy S ] T21T 731\ 732
] [Z =00 ]
L A P L SRR BZ 7 727] (17 7 ) 732 (118)
107 10" 1° 100 100 10? Cor Uyt T
Frequency (GHz)

The above expression fdfp(w) is valid for frequencies
FIG. 21. Fano factor for the laser intensity noise is plotted as &smaller thanwsyg and when the laser is biased above thresh-
function of the frequencyZ,=0 Q). The intensity noise at fre- 0ld then the conditions given by E(Q9) are satisfied. The
quencies much higher than the inverse of the photon lifetime in th&xpression given in Eq116) is almost identical to the ex-
cavity is dominated by the photon partition noise at the output facetpression folK p(w) for semiconductor diode lasetwhen the
For values of the QCL parameters see Table I. latter are also biased with a high-impedance current spurce
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Using the model presented in Appendix F one gets for diodeld, as shown in Eq.119). Since; is usually close to unity
lasers(see Appendix F for details in well-designed diode lasef$the contribution of this term
to the photon noise is small.
1 1- ni)z 5
.

KP(w)|w<w3dB: hy Pout[ 1-7mot Zﬂo”sp( T_W + st 2. Contributions of photon loss and radiative transitions
to photon noise

7i(1— m)|_+ 7; IL“ ) (119 The most important contribution to the photon noise from
q q the photon loss from the laser cavity and from the radiative
transitions is given by the term proportional 1, in Egs.

(115 and (119. Just above threshold the photon density is

The contributions from the nonradiative electronic transi-SMall andrs;, which is inversely proportional to the photon
tions to the photon noise in QCL's and diode lasers are progensny,' is large. Cons_equently, just above thre;hold the term
portional to the terms inside the second square bracket iRroportional toré, dominates all the other terms in EG$15
Egs. (115 and (119), respectively. The contributions to the and (;19). As the bias current is mcreased. and' the photon
photon noise from the photon loss, the laser cavity, and fronglensity becomes large,; becomes small. It is evident from
the radiative transitions in QCL's and diode lasers are proEds.(119 and(119) that photon number squeezing can only
portional to the terms inside the first square bracket in Eqsd€ achieved if the ratio 7/ 7,,)?, where 7, is the total
(115 and (119, respectively. Two important differences nonradiative lifetime for the carrier density interacting with
emerge when Eq(115) is compared to Eq(119 and both th_e phqtons becomes smaller Fhan one. The appearance of
these differences make it harder to achieve photon-numbdpis ratio is related to the carrier density and the photon-

squeezing in QCL's compared to diode lasers. These differdensity dynamics in response to sudden radiative transition
ences are discussed in detail below. events or photon loss events that temporarily move the car-

rier density and the photon density away from their steady-
1. Contribution of nonradiative transitions to photon noise state values. In diode lasers,, given by

+(77th)2

7; in the above equation is the current injection efficiency
into the quantum well&

The contribution to the photon noise from the nonradia- 1 1 1-9 _
tive recombination in diode lasers is constant above thresh- =t (Diode lasery (120
old and it has been expressed in terms of the threshold cur- new €
rent in Eq.(119. As shown earlier, in QCL’s above threshold is around 500 pésee Appendix F and Ref. 21n QCL's, 7,
the electron densities in different energy levels of a gains the nonradiative lifetime of the difference carrier density
stage do not remain fixed at their threshold values. The eledns;—n,) that interacts with the photons and is given by the
tron densities keep increasing when the bias current is inexpression
creased beyond threshold. As a result, the contribution of
nonradiative electronic transitions to the photon noise also i 2 731

1
_+_
731 732

(QCLs). (121

keeps increasing with the bias current. Since only a fraction Tnr Tyt T31
7, of the electrons injected in level 3 of the gain stage end u
producing photons, a multiplicative factoﬁ appears with
the transition ratdR;; in Eq. (115. A fraction 1— %, of the
vacancies left by removing electrons from level 2 get filled
by radiative transitions from level 3 to level 2 and therefore
a factor (1— 5,)? appears wittR,;. All the electrons taken
out of level 2 and injected into level 3 will end up producing
photons(since 1- 7, + ,=1) and, thereforeR3, has no
multiplicative factor in Eq(115).

Frhe factor of 2 in the above equation does not show up in
Eqg. (115 because the differential stimulated emission life-
time of the difference carrier density ig,/2 and the factor of

2 cancels out. In deriving the above equation the sum carrier
density (1;3+n,), which does not interact with the photons,
was adiabatically eliminated from the rate equations. In
QCL's the value of (2,,) is usually around a few picosec-
onds. In the QCL structure of Ref. 11, whose parameters are

. . ; . iven in Table I, (2r,,) equals 1.5 ps. Therefore, for photon-
The noise as.sc_)mated with the electron transmons fro umber squeezing to be possible the valuergfin QCL's
Ievel_l into the |njector_of the next stage QOes not d|rectIymust be a few hundred times less than the value-gfis
o e . ot e e siora sy Jode lasersassuming both ave equal values g a
which can in turn contribute to the photon noise. But we,ns”.)' For the_ same_photon den5|t_y and the mode group ve-
: locity the ratio ofrg; in QCL's and diode laserd®L) depends

have assumed in EqL15) thatZ(w) is large and the current : . . : .
fluctuations are suppressed. Similarly, the noise associatqcxz;ic])rtr,:ﬁ:ar gaéﬁedcél\s/sridt:ggr;ngaelfgﬂﬁsee Eqs(80) and(F6)].

with the electron transitions from the injector into level 3 of
the gain stage is also suppressed at low frequencies when (Urs)ocL alp
Z(w) is large. (o) “dadN.
In diode lasers, since the current injection efficiengyis sUDL 9w
less than unity, the partition noise associated with carriein the above equation the differential gadig/dN,, of diode
leakage from the separate confinement heterostrut®@e)  lasers is assumed to be around (1.0-%.5) °cn?.2
regions contributes a term to the photon noise that increasé¢ote that the ratio in Eq(122) is independent of any geo-
linearly with the bias current even beyond the laser threshmetrical factors and depends only on the properties of the

15. (122
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L iy e e S e e Equation(123) gives the maximum photon-number squeez-
ing that is asymptotically achievable in QCL's and in diode
lasers at very large output power levels. In real devices the
squeezing will be always less than that predicted in Eq.
el B A R shot noise level ] (123. In diode lasersy; and 7, can be larger than 0.9 and
0.85, respectivel§! and the intensity noise in diode lasers
can be maximally suppressed more than 6 dB below the shot
noise value. For the QCL whose parameters are listed in
Table I, », and 7, have the values 0.66 and 0.28, respec-
tively, and, consequently, the maximum possible squeezing is
only 0.6 dB. Even if the output coupling efficieney, of this
QCL is increased to 0.85, the maximum squeezing predicted
by Eq. (123 is only 2.0 dB.
[ QcL with improved 7, R The maximum sq_ueezing_ ac_hievable in QCL'_s can be in-
ool v ey T creased b_y decreasing t-he Ilfet[mg_ of elgctrons in level 2
1 2 3 4 5 6 7 8 9 10 of the gain stage and increasing the lifetimeg and 73,

associated with the nonradiative electronic transitions out of
level 3. This will reduce the rate of increase of the electron

FIG. 23. Relative intensity nois€RIN) for the QCL with im-  density above threshold in levels 3 and 2 with the bias cur-
proved 7, (=0.84) is shown. Only 1.2 dB of squeezing is seen atrent, increase the radiative efficiengy, and reduce the con-
high bias levels and whefs=50 (). tribution of the nonradiative electronic transitions to the pho-
n noise.

Z;=00Q
TR W Z, = 50  (at 300K)

N

[(e]

o
T

Relative Intensity Noise (dB)
©
(%3]
L]

Ibias ! Ith

material gain of the lasers. The expression above implies thé

the photon density in the active region of QCL's must be at _ _ _ _ _

least an order of magnitude larger than the photon density in B. Scaling of the laser intensity noise with the number of

diode lasers to make squeezing possible. This does not seem cascade stages

to be a formidable obstacle to achieve photon-number ; ; : . :
g . . In QCLs K obeys a simple scaling relation with re-

squeezing in QCL's since QCL's with output powers exceed- Q () y P g

ing 1.0 W have been demonstratéddowever, in QCLs, in spect to the number of cascaded stalyesind this relation

contrast to diode lasers, it will be difficult to achieve squeez-Can easily be deduced from EQ5)

ing with only a few tens of milliwatts of output power. In _ ,
QCLs, since bothr,,, and 7; depends on the spatial overlap Kp(w, /1, N)=Kp(@, 1/l ,N"). (124

of the wave func_tions of the upper and lower Iasin_g states, ikccording to Eq.(124), the spectral density of the photon
g1ay not be posst|hble to chzfanget.the valule ofthe ratio/fnr)  noise, when expressed as a functior 0f, , is independent
y €ngineering the wave function overiap. of the value ofN. The scaling relation foK,(w) holds for
The output coupling efficiencyy, of QCL's that have Il frequencies and wheZ () is very large or when

been reported in the literature is much smaller than those {(0)=0 0, provided that the transition rat&§n; ,n) and

typical diode lasers. But even if that were not the case ol qai i ; . f ol
squeezing is expected to be less in QCL's than in diode lasef§€ Material gairg(ns,ny) are linear functions of electron
ensities and the total mode-confinement factor also scales

for the reasons discussed above. The QCL, whose characte! ) ;
istics are shown in Figs. 17 and 18, has a 3-mm long cavityinearly with the number of cascaded stagésn Ref. 23 it

a waveguide loss of 11 cit, and an output coupling effi- 1S Shown that the total mode-confinement factor scales with
ciency of only 28%. Consider a QCL with a 5@0% long the number of cascaded stages according to the expression
cavity, a waveguide loss of 5 c¢m, and an output coupling ~€rf(0.01N), which is almost linear irN for N<40.
efficiency of 84%, which is comparable to that of good diode
lasers™* The values of all the other parameters of this QCL ¢ Effect of multiple longitudinal modes on the measured
are identical to those given in Table I. Figure 23 shows the intensity noise
relative intensity noise when this QCL is driven with a 80
resistor in series. Only about 1.2 dB of squeezing is observe
even at very large bias level$~£101+1,).

The Fano factors for the laser intensity noise much abov
threshold(when 7.—0 andl>1,,) in QCL's and diode la-
sers can be calculated from E¢$16) and(119),

g Most QCLs reported in literature lase with multiple lon-
gitudinal modes. Although the intensity noise of each longi-
dudinal mode can be large, the intensity noise of all the
modes taken together is expected to be adequately described
by the single-mode analysis carried out in this paper. This is
because the intensity noise in different lasing modes is nega-
Fp(w)l(w<w3d8,|>,m) tively correlated, as it is in the case of semiconductor diode
lasers®® However, this demands that in experiments designed
to measure the intensity noise attention must also be paid to
optimizing the light collection efficiency such that photons
are collected from all the lasing modes, otherwise intensity
noise in excess of that described by Etfl5 can be intro-
(123 duced.

1- +2
= ot <o ny Tt T3

1-n.m (Diode lasers

(1=n) 73 (7_21) (QCLs)

732
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IX. CONCLUSION

A comprehensive model for treating noise and fluctua-
tions in intersubband quantum cascade lasers has been pre-
sented. The current noise exhibited by QCL's is much below
the shot noise value. Suppression of the current noise in
QCLss is largely due to the small differential resistance of
individual gain stages compared to the total differential re-
sistance of all the cascaded gain stages. In addition, elec-
tronic correlations also suppress the current noise. However,
unlike semiconductor diode lasers, current noise suppression
does not lead to significant photon-number squeezing in
QCLs. In QCL's the contribution to the photon noise coming
from the nonradiative electronic transitions keeps increasing
with bias beyond the laser threshold, and this reduces the
amount of photon-number squeezing achievable in QCL's
compared to semiconductor diode lasers. It has also been
shown that photon noise in QCLs is squeezed at photon
densities much larger than those in diode lasers.

The current modulation response of QCL's has also been
investigated. It has been found that the direct-current modu-
lation response of many QCL’s that have been reported in the
literature is overdamped since, in contrast to diode lasers, the
photon lifetime inside the optical cavity in QCL's is usually
the longest time constant. The modulation bandwidth is also
limited by the inverse photon lifetime. At present, in the
wavelength region of interest only quantum-well infrared
photodetectors have bandwidths wide enough that they could
be used to study the modulation response of QCL's. How-
ever, the current noise provides an alternate way of studying

PHYSICAL REVIEW B5 125313

WL(Fh(D) FR(t))=Tlvgg(

nsp
J’__
WJ

WL(fhd ) F&dt))y=Tlvgg(nk,nb)

nsp ,
+m 5jq5(t_t ),
WL(fR D) f(t))=Tlogg(n},nb)| (205~ 1)S;
nsp ,
+W—L §jq5(t_t ),
Sp
WL(FL(DF(t"))=—d(t—t"),
Tp
WL
(Fo()Fo(t"))=no(hp)? 7%5('(—'['),
p
<Fo(t)FL(t,)>:ﬂthTiﬁ(t_t,)-
p

nb,nb)

Siqo(t—t'),

(2ngp—1)S,

(2ngp—1)S,

(Ad)

(A5)

(AB)

(A7)

(A8)

(A9)

the high-speed dynamics of QCL's, and as shown in this APPENDIX B: DIFFERENTIAL RESISTANCE OF A QCL

paper, the modulation bandwidth of QCL's can be found by

looking at the spectral density of the current noise in the 1he expression in Eqs65) and (63) for the differential

external circuit.

Although in this paper the emphasis has been on a specific
multiple quantum-well QCL structure, the theoretical meth-
ods and techniques presented in this paper can be used to
study a variety of QCL's that have been reported in the lit-
erature.
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APPENDIX A: CORRELATIONS AMONG THE LANGEVIN
NOISE SOURCES

WL(FL() F4(t")) = (Ra_,+ Ry _3) §jq8(t—t')

~Ray(nk,nb) & 8(t—t"), (A1)

WL(FL (D) F34(t)) = (Rs_1+ Ry _3) §jq8(t—t")

~Rgy(nk,nh)8,48(t—t"),  (A2)

WL(Fh () F34(t")) = (R + Ry ) 8jq8(t—t")

~Ryy(nh,nh)8,48(t—t"),  (A3)
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resistancery of a QCL can be put in the form

(T21F 730

732731
(T30t 730

731721
(121F 730"

731721
(732t 731"

1
+— Tout -

Tin C1 m

(B1)

The dimensionless parametets, 65, 6,, 6,, and ¢, that
have been used in the above equation are as follows:

(B2)

(B3)

(B4)
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APPENDIX C: ELEMENTS OF MATRIX D

The nonzero elements of the matifixare

Dy—jot—, D =D . ©
ll—Jw-f—?m. . P €D
Dy ot —+Tv.al S+ 052 c2
o= 7_—21 Ugd| op WL/ (C2
Dy — = —Tv.al s+ nsp) C3
87 1, R RCARVYIE ©3
1 joTy,
o, o) “
1 ja)Tin Nsp
D32 7, (1+jor,) Foo?| WL/ 0
Do i +1 joTi, +1+1+F S+nsp
B L At omn) T T 9O PTWL)
(C7
Nsp
D42:_D43:FUga Sp+V\T ’ (C8)
) 1
Das=jw+——NIugg(nz,ny). €9

p

APPENDIX D: IMPORTANT ELEMENTS OF MATRIXD 1

Above threshold, elements of the matix ! in the limit

{1y, 7 }— are given below. In addition, it is also assumed
that wr,<1. If the latter condition does not hold then the

expressions given below can be corrected by replaciioy
’T3(1+j(1)7'in).

—-1_ Tout

D/ =—r———, D1
1 7ot (b1)
Dt r(' )2 1+ i 1(1+1
= ToutTpT. w —|—tjo|—|—+—
12 outTp7st) U T3/ T21 : Tst\T21 731
1 1 1 1 1 ]
+ + —+—
T217T31  T21732] TpTst\ 721 731
TorT H(w
21731 (w) D2)

(T21+ 730 (joTout 1)’
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- ! )2(1)+_ (1 1) 1
= ToutTpT. w)| — w—|—+—
13 outTpTst| U 731 : Tst\ 721  T31 T21731
P (i;) _TaTa
To1T32| TpTst\To1 731/ ) (To1F T31)
H(w)
_— D3
(JoTout+1) (03)
3 ] 1 T 1
D141:Tout7'st+]w a(l+ T;;) _7._31 ]
Tp17T31 H(w) D4
(121t 731) (JoTout1) '
D,'~0, (D5)
Do, =7y7s] (j)? 1—|—E +jw i-Fi+i
2 prst 73 T32 T31 Tst
1 721731
————H(w), (D6)
TpTst) (T211 T31) ()
Dpi=rjo| Sa1)+ 2 A ) o)
2P T32 Tp) (T21F T31) ’
Dyi= ol jo| 1470+ 2| AT _p) (Dg)
2478 73] Ta1|(Tort T31) ’
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D33:TpTSt (JO)) +J(l) T_21+T_t
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T32  Tst 73 Tst\ T21  T31/ 721731
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1 1 -
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For small values ofv for which the cubic term irw in the
denominator may be neglectdd(w) becomes

R

H(w)= (D18)

(g0’ +jwy)
The above approximation will be valid é is much less than
17y, Umyy, and 1k In this approximatiorwg and y are

1 To1
1+ —
TpTst 731
wZR: T Tps T T T . (D19
21 T21 i 21 i
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1 7'21 1 ’7'21 T;
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APPENDIX E: NOISE-SPECTRAL DENSITIES AND FANO
FACTORS

The spectral densitiels;(w) and Kp(w) of noise power

PHYSICAL REVIEW B5 125313

hole density I

FIG. 24. Active region of a semiconductor quantum-well diode
laser.

also bed-correlated in frequency domain, and therefore, the
fluctuations 61 and 6P, in the current and the output
power, respectively, will also bé& correlated in time and
frequency domains.

The Fano factor§,(w) andFp(w) for the current noise
and the intensity noise, respectively, are defined as the ratios
of the actual noise-spectral densities to the noise-spectral
densities of shot noise, and are given by the relations,

Ki(w) Kp(w)
F|(w)— —ql and Fp((u)— hVPout. (E3)
The RIN is defined as
K
RIN=10log, —Piw)l (E4)
out

APPENDIX F: NOISE MODEL FOR SEMICONDUCTOR
QUANTUM-WELL DIODE LASERS

A simple model for the current and photon noise in
quantum-well interband semiconductor diode lasers is
presented:®! The active region of a quantum-well diode la-
ser is shown in Fig. 24. The carriers are injected from the
leads into the SCH region either by tunneling or by thermi-
onic emission over the heterobarrier. The rate equations for
the fluctuationssN,, and 6N, in the carrier densities (cn?),
the SCH region, and the quantum wells, respectively, and the

for the current noise and the intensity noise, respectively, CafjuctuationsssS, in the photon density (cn?) are®?

be computed from the equations

- do’ doN¢ Ol ex 1+ 1 +5NWVW - Vi
K.(w)=f S(*(@dl(w-w)),  (ED dt gV “Clr w) 1 Voo ¢ TRV
Kotw)= [ G (3P 0) P o). (€2 doN,, _ aN, V L
plw)= Sy out\ @ outl @ — @ )). w c e Il B
—w 27T i o Vo SN, 7'e + ™ + — vg90S,

EquationgE1) and(E2) can be used with Eq$97) and(95) Y
to compute the noise-spectral densities. Since all the Lange- +Fo——Fe—Fp—Fan, (F2)
vin noise sources aré-correlated in time domain, they will Vi
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dés, 6N, V 1
D w Yw
_— = _+ [
dt st Vp (Fvgg T

6SptFrs—FL, (F3 VW<Fnr(t)Fnr(t’)>:¥5(t_t,)- (F10

and the current and the intensity fluctuations are givéri‘as
VW<FRN(t)FRN(t,)>:Ugg

nSP ’
e o (2n55=1)Sy+1, 7| 8(t-t),
ext: d _ c ) (Fll)
qVe qVe Ts *Fin- F4

Vi

n
V (Frdt)Frgt'))= 25—1S+ﬂ)}6t—t’,
Yo% g (F5) ety AR (F1)2)

OPgut= mohv
p

It is assumed that the carrier denshy in the SCH region Vp(Frn(DFrgt)) =049
also includes the carriers inside the quantum-well barriers

and also those in the quantum wells that have energy high

enough to not be confined within the quantum weHsg.

24). Only those carriers that are confined within the quantum vV (FL(t)FL(t’))=&5(t—t’), (F14)
wells are included in the carrier densiy;,. V. andV,, are P Tp

the volumes of the SCH region and the quantum wells, re-
spectively.V,, is the volume of the optical mode, and 7

are the capture and emission times for electrons going into
and coming out of the quantum wells, respectivelyis the
lifetime associated with carrier leakage and recombination in VS,
the SCH regionr,, is the nonradiative recombination time in V(Fo(DFL(t"))= no(hv)
the quantum wellszg;, given by

1 dg Nsp
T—St—vgm<sp+v—p), (F6)

(2ngp—1)S,+ %’} s(t—t'),
(F13

(Fo()Fo(t"))= vo(hV)ZVi—Spf?(t—t’), (F19
p

é(t—t").  (F1e

Tp

Fi, has the approximate correlatitn

) | NCVC>
VAFin(OFia(t))y~| = +2——|8(t—t"). (F19
q TG

is the differential lifetime associated with stimulated andrpe inejysion of the rate equation for fluctuations in the car-

spontaneous emission into the lasing mogeis the photon e gensity in the SCH region is necessary to accurately

lifetime inside the Iase_r cavitﬁvd is the fluctuation in the . J4al the current noise. Carrier leakage in the SCH region
voltage across the active region. The conductdBaelates g in a less than unity efficienay for current injection
the increase in the injection current into the SCH region from . e quantum wells

the leads with the increase in the voltage across the active
region at afixed carrier density 75 relates the decrease in 7
the current injection rate to the increase in the carrier density 7 =( )
in the SCH regionF;, is the Langevin noise source associ- TeT 7l
ated with carrier injection into the SCH regida,, F., and  and above threshold the expression for the output power can
F. model the noise in carrier-leakage, carrier-capture, antbe written as

carrier-emission events.,,, describes the noise in nonradia-

tive recombination in the quantum wells including spontane-

ous emission into the nonlasing modesy and Fgs model Pout= 707i E(I ~lw),
the noise associated with photon emission into the lasing

mode.F, and F, model the noise in photon loss from the Where 7, is the output coupling efficiency.
cavity. All the nonzero correlations of the Langevin noise

sources can be obtained from the methods described in Ref. 1. Modulation response
21,

(F18

(F19

The current modulation response of diode lasers follows
from the rate equations and for frequencies less than the

Vc<Fc(t)Fc(t,)>:T_C5(t_t,)i (F7) :‘g\rﬁr?f of the carrier capture timeg, it can be put in the
C 1
N 6P, @) hv hv sz
V(F (1) F(t")=—45(t—t"), F8 T i—H(w)= S
C< |() I( )> 7 ( ) ( ) 5|ext(w) Mo i q ((’)) 707 q (a)s—a)2+ja)‘y)
(F20
VW<Fe(t)Fe(tI)>:&5(t_t,)v (F9)  The relaxation oscillation frequencyr and the damping
Te constanty are
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1
TeatT
wi=—2P (F22)
:l-“'77|_C
e
1 1-—un 1
_J’_ 77|+_
T T
y=-— eT =Kaw2+ o, (F22)
C
1+7]|T—e
where
1 1_77i)
T T
K=7, and y,=—0" Ti (F23
1+7]|_

e

In diode lasers,y is small at threshold and the 3-dB fre-

quency ws 45 increases with the bias current untl/\2
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8 loyi(w)
Z Lol
&V () (@)
Z(w) ’_ !
A biasing voltage diode 8 («)
source laser

FIG. 25. Circuit model for the current fluctutions in semicon-
qVy

ductor diode lasers.
° ex;{ mKBT) - 1} '

wherem is the diode ideality factor with values usually be-
tween 1.5 and 2. Therefore,

(F29

equalswr . As the bias current is increased beyond this point

the modulation response becomes overdamped @4gh

starts to decrease. The maximum modulation bandwidth

w3 dgmax COMES out to be

2

p

@3 dgjmax™ (F24)

2. Differential resistance

The differential resistance of the laser diode below an

KgT
Roli<1,=m—7 (F29
q
and ARy becomes
AR T el (F30
e qlth '

The above equation shows that the discontinuity in the dif-
ferential resistance at threshold KT/ql;, times a factor

Jhat is close to unity.

above threshold can be derived from the rate equations by

removing all the noise sources

1
5(1+0’) (1<l
R={ (F25)
— 1>14),
s(1+0)  (1>1y)
whered’ and @ are
1 T 1 77
= = (F2f
76 [1i(1— )+ 7] 76 (T1+7¢)

where the emission efficiency, is 7, /(7.+ 7). Values of
the time constants;, 7., 74, 7, andr, are typically 10 ps,
40 ps, 50 ps, 60 ps, and 1 ns, respectivélyfollows that 6’
and 6 have the values 0.97 and 0.17, respectively.

The discontinuityARy in the differential resistance at
threshold becomes

!

1
ARdZE(ﬁ'—G)Zﬂmeg

F2
=T (F27)

d| I<l, evaluated at=1-

3. Differential impedance

The differential impedanc&(w) of a diode laser above
threshold can be expressed in terms of the modulation re-
sponseH (w)

1
—|1+6

Z(w)= G

14jon 2 a)” (F31)
e

The differential resistancBy above threshold, given by Eg.
(F25), equalsZ(w=0).

4. Current noise

As in the case of QCL’s, the fluctuatiod®(w) produced
by the current-noise source that sits in parallel with the laser
diode (Fig. 295 can be found by looking at the current noise
in the external circuit when the voltage fluctuatiaivy
across the diode is zer@ecause all external sources and
impedances are assumed to be short€dis implies that,

3l(w) _ SNo(@)V,
cin w)— — .
q TG

(F32

Below threshold, the current-voltage characteristics of a laseBelow threshold, and for frequencies less thayyg, 5l (w)

diode resemble that of an ideah junctior®®

is
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ol(w) _ VeFin(@)+ 0" (1= 7o) [VFo(@) = VyFe(@) ]+ 0'VeF () + 0" noVyF o (o)

(F33
q (1+6')
Above thresholdgl (w) is
Aw) V. Fin(0)+ 0V Fo(w) =V Fo(w)+VF(0)]+ 0 :_j)[VpFRs(w)—VpFL(w)]
q (1+0) (F34)

Equations(F33) and (F34) show that above threshold the noise associated with carrier injection into the active region is not
suppressedsince 6<1). Above threshold, the carrier density in the quantum wells is strongly damped and only the carrier
density in the SCH region provides negative feedback to suppress the noise associated with carrier injection. Below threshold,
the carrier injection noise is suppresdsthce #’ ~1). Below threshold, the carrier densities in both the SCH region and the
guantum wells provide feedback to suppress the carrier injection noise. The spectral Kgns)tpf the current noisél ()

follows from Eqgs.(F33) and (F34),

al (I<ly)
o2
Kl(w)|w<w3 dB: (0!_0) 07-_9 (|>Ith) (FBS
ql+2q |th(1T6,)+2qnsp77i (I _lth)(1+0)2

In the limit w— 0, the current noise is just the noise associ- WhenZ4(w) is much larger than the differential imped-
ated with carrier injection into the active region and has theanceZ(w) of the active region then the current noise in the

spectral density external circuit is just the thermal noise originating in the
, impedanceZ (w). WhenZy(w) is much smaller thai (w)

Ki()| _ qid+26")  (I<ly) then the current noise in the external circuit is the noise

T gl (1+260)+2q 1, (07— 6)  (I1>1y). originating inside the active region. By making the imped-

(F36) anceZ (w) very large the current noise in the external circuit
can be suppressed well below the shot noise value.

5. Suppression of the current noise by large external
impedance 6. Intensity noise

The current noise’l ., () in the external circuit in the Above threshold, and for frequencies less thagg,
presence of an external impedanggw) and an external 6Poul®) is
voltage noise sourcéVy(w) is (Fig. 295

Vo) 2(w) SPoul @)= mo7ihy
el )= Z{wy+ 2] " (2w Zao)]

lex{ @)

+ 77th{(1— 7i)[VcFo(w)

(F37) —VuFe(®)]=7iVcF (@) = VyFh()
whereZ(w) is the differential impedance of the active region —V,Fan(®)+ y7e{ VoFrd @) — V F ()
and Z(w=0)=Ry. The external impedanc&s(w) is the wFRN 77l ViFrd Pl
Thevenin equivalent of the external circuit impedance and +Fo(w). (F39
the impedance associated with the laser parasibotsnic
contact resistance, depletion layer capacitance. &&ssum- High-impedance suppression of the current noise

ing that6V¢(w) represents only the thermal noise originating sl ., ( ) in the external circuit can have a profound effect on
in Zs(w), the spectral densiﬂﬁ,ext(w) of the current noise in  the laser intensity noise through the first term on the right-

the external circuit becomes hand side of the above equation. df.,(w) is suppressed
then the spectral densit{p(w) of the intensity noise, for
Ky (@) ’ Z(w) |2 frequencies less thams g, is
K (w)= Ki(w
o) i) | @)+ 2w ) N
i
KP(w)|w<w3 daB thDout[l_ Mot 2770nsp T_w+ T—e) Tgt

_ 2KgTRe{Zy(w)} +‘ 20 [
I .

CZ(0)+ Z( @) 1Z(0)+Z(0)] "

|
7i(1— ni)a+ 7; E}- (F40

2
-~ +(ghw)
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The low frequency Fano factor of the intensity noise at largefactor of the laser intensity noise approaches unity
bias currents becomes

Fo()l(omag izt =1= 707 (F4D Fe(@)lwsog g 121 =1 (F42
In diode lasers bothy, and #; have typical values around In practice it is difficult to mak&(w) very small. One way
0.85, and therefore high-impedance suppression of the cuof obtaining a small external impedanZg(w) is by using
rent noise in the external circuit can result in more than 5-dBhe circuitB shown in Fig.7 and shorting the rf port of the
suppression of the laser intensity noise below the shot noiseias T. At frequencies of interesf (w) would then just be
value. On the other hand, if the external impedafgeo) is  the parasitic impedance associated with the laser device and
much smaller than the impedanZéw) of the active region would be dominated by the resistance of the device ohmic
then it can be shown that at large bias currents the Fanoontacts.
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