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Effect of Carrier Heating on Static Linearity of
MQW InGaAsP/InP Lasers

Rudolf F. Kazarinov and Gleb E. Shtengel

Abstract—Carrier heating can degrade the linearity of the fact carrier heating was cited as an effect setting a fundamental
light—current (L-I) characteristics of a laser diode, which is a |imit on CATV laser performance [1]. In this paper we
critical parameter for devices used in cable television (CATV) e previous experimental results [6]-[9] to estimate various
systems. On the basis of experimental estimation of the carrier . . . .
heating rate above threshold, we consider the contributions of meqhanlsms thrpugh which the carrier heating can cause
different mechanisms through which carrier heating can cause Static nonlinearities. These effects include the dependence of
static nonlinearity. Comparison with measured L-| character- the laser threshold current on temperature, dependence of
istics shows that the contribution of carrier heating to L—I  the heterobarrier leakage and internal quantum efficiency on
nonlinearity is considerably less than previously estimated [1]. tamnerature, and dependence of the internal optical loss and
We conclude that the carrier heating effect is not a dominant . )
mechanism in producing the intermodulation distortions. external efficiency on _temp_e_rature. We_ then compare eSt'mat_ed

_ ) _ ) values of these nonlinearities to typical values observed in

_Inde_x Terms—Carrier heating, CATV lasers, intermodulation  ~aTV |asers.
distortions. The intermodulation distortion (IMD) in CATV lasers is in-
herently dynamic effect. In order to build an accurate model of
this effect it would be necessary to include the time-dependent
processes such as electron-photon resonance, transport through

HE MOST critical parameters determining the perforthe separate confinement layers, and possibly the temporal

mance of cable television (CATV) lasers are slope effgynamics of the spatial hole burning along the laser cavity.
ciency, L—I curve linearity and noise level. The noise level ifjowever it was shown, that rough estimates of IMD may be
CATV systems is typically limited by two components: shogjone on the basis of the static characteristics of the laser, such
noise of the laser itself and multipath interference (MPI) igs L—I curve and radiation spectrum [10]. This static treatment
the fiber transforming the laser phase noise into amplituggso presents a lower bound for the distortion estimate, because
noise [2]-{5]. While the shot noise is determined by thgore nonlinear effects are present under modulation than in
optical power and has a fundamental nature, the MPI noiggV operating regime. The goal of the paper is to demonstrate
depends not only on the optical power, but also on the degig@t the carrier heating gives only a minor contribution to
of the frequency chirp of the laser under the direct currefie static nonlinearity, compared to other effects. Therefore
modulation [2], [4], [5]. The higher the frequency chirp, thet is also not a major contributor to the IMD’s in CATV
lower is the MPI noise penalty in the transmission system [4hsers.
[5]. In the previous experimental studies we found that the
frequency chirp parameter, in turn, is proportional to the rate of
carrier temperature increase with pumping current [6]-[7]. The
coefficient relating the change in carrier temperature and chirpThe estimations are performed using simple phenomeno-
was expressed in terms of the temperature derivative of tiggical equations describing laser characteristics. The rate
optical gain, and two parametesg anda,,. These parameters equations for carrier and photon density in semiconductor laser
describe the variation of refractive index produced by thée used

I. INTRODUCTION

Il. PHENOMENOLOGICAL TREATMENT

variation of optical gain due to the change of carrier quasi- dn I n c

Fermi level separation and carrier temperature respectively. o Vi 7. Neg GS

We measured these parameters for MQW InGaAsP lasers and ds c S

estimated the rate of the temperature increase with current = I'ss — — 1)

above threshold [6]-[7]. dt  Neg p

The presence of carrier heating results in the wavelengtiheren and S are carrier and photon concentrations respec-
chirp that reduces the MPI noise in CATV systems. Howevéely, I is the pumping currente the electron charges,
the carrier heating can degrade another important characterigiig carrier lifetime,c the light velocity in vacuumN.g the
of lasers for such systems, which is the LI curve linearity. lgffective refractive index(7 the material gain in the active
layer, I' the optical confinement factor, ang, the photon

Manuscript received April 7, 1997; revised September 2, 1997.  _ Jifetime. The inverse photon lifetime is proportional to the total
The authors are with Lucent Technologies Bell Laboratories, BreInIgSVIHF . .
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static treatment of (1) Substituting (6) into (3), we obtain
Ith _ Tith Qmirr ar Itih 7
Vo 1 L =i oo, <1 - ﬁﬁ)a - Ity,)
c 1 c 2 1
I'G=—= — ot - (2) 1 Cmiry dT Itz} 142
. =) Zther g 7
Neg Tp Neg 277 t Cto dl TOQ( th) + ( )

Here, the photon density is assumed to be zero at threshqlﬂé increased threshold is accompanied by a reduction of

In the static case and at low frequencies (significantly IOW%e output efficiency, but for typical values of parameters
than the resonant frequency), the effect of carrier heating ? ' , ,
dT/dl = 013 KImA, Il = 15 mA at T' = 25°C,

the optical gain cannot cause any statlic rjonl.lnearmes d'reCtaYnd T, = 60°C), this reduction is only about 3%. The
because the value of modal optical gain is pinned to the value o : .
nacreased recombination rate results in an increase of the true

of the total _optlcal !OSS.' Any change of the opfucal gain causey ntaneous emission (TSE) intensity, which can be recorded

by the carrier heating is compensated for by increasing carrjer . .

. . . rom the side of the laser chip [12]. We also observed a

concentration. Nonlinear effects, however, can arise from the . . : . i
) ) similar increase of the TSE intensity for the samples studied

fact that the change in carrier temperature and concentration

will lead to a change of total optical loss, recombination ra [ [6]-{7]. This increase is approximately linear in current.

(described with high accuracy by the threshold current), and® linear increase of the spoqtangous emission rate results in
! some decrease of the first derivatilz& but not in a nonzero
heterobarrier leakage. In order to address these effects we use a A . . : :
: , second derivativel,”. Thus, increasing TSE intensity above
standard phenomenological formula relating the output powgr . : ; .
. threshold does not on its own characterize a nonlinearity. The
L and pumping current

nonlinear effect is characterized by the second term in (7). The

Qmijrr . . . . .
L =1t 5 (I = Ly) (3) nonlinearity parameter in this case is
tot 2
wheren,, is the internal quantum efficiency, anrd,;, the L_” _ _<d_T) ﬂ ~ —0.07 A~L. 8)
mirror loss. Also a linear relation between the change of carrier r dl ) 13
temperature and current is used
AT IV. DEPENDENCE OFINTERNAL LOSS ONTEMPERATURE
r-7= E(I — 1) (4) Another parameter that has a dependence on the temperature

whereT" is the carrier plasma temperature at threshold. Théich can cause a nonlinearity due to carrier heating is the
value ofdT’/dI was determined in [6]-[7] to be approximatelyoptical loss. The total loss has to first order a linear dependence
0.13 K/mA. We will analyze the effect of carrier heating or®n the ambient temperature [8]

three factorszy,:, cot, and iy, using (4) and the measured Octins ‘

dependence of these parameters on current and temperature. Qtot = Qmirr T Qing + W(T 1)

The convenient way to quantify the degree of nonlinearity is to Oty dT

estimate the ratio of the second to first derivatives of the output = Omirr + Qint + ar E(I — L) 9

power with respect to current. Finally, they will be compared

to a typical measured value of this parameter for CATV Iasetjél_ovx./ever, onlylthe_fractlon o_f internal .IOSS caused by fre_e-
carrier absorption in the active layer is affected by carrier

heating. Therefore the linear term in (9) should be multiplied

IIl. DEPENDENCE OFRECOMBINATION RATE by a factor equal to the ratio of the internal loss in the active
AND THRESHOLD CURRENT ON TEMPERATURE layer to the overall internal loss, which was estimated from
: . . results of [8
An increase of temperature results in a reduction of the (8] )
optical gain and an increase of the total optical loss [8]. The X = a1 (10)
carrier concentration then increases to support lasing action, alet 4’

which causes an increase of the carrier recombination re\ﬁé

. . measured the dependence of the internal loss on tem-
Therefore, threshold current also increases with temperature . :
C i . ; pétrature for the sample used in the previous study [6]-[7],
which is described by the phenomenological expression

; and obtained a value @l /0T ~ 0.08 £ 0.03 1/cm- K.
In(T) = I r-r 5y Assuming that the mirror loss is independent of current and
th( ) = 1y}, €XP ( ) . . .
temperature, we can estimate the nonlinearity due to the
whereTj is the characteristic temperature [11], afigl is the temperature dependence of the internal loss
threshold current at temperatufé. Expanding (5) into series J 1 Qo dT

: : = A—1
up to second order and ‘usmg 4) ylel‘ds2 7 Xoctot a7 dl > 0.05 A™". (12)
i -7 1(T-T
In(T) = th<1 ton ot §< T ) o ) V. DEPENDENCE OFTHERMIONIC LEAKAGE
‘ o AND INTERNAL EFFICIENCY ON TEMPERATURE
i dri-n, 1/dIr'l-1I — I .
:]th<1+ — - “th _<_ ) +> Thermionic emission of electrons over the heterobarrier
dl - To 2\dl T into the p-cladding layer is one of the factors determin-

(6) ing the internal efficiency of a laser diode [8]. Thermionic
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leakage increases with the carrier temperature, and therefgeg J. Sheridan-Eng, “Experimental study and modeling of wavelength chirp
the internal efficiency decreases. Again we consider a linear n DFB lasers and interferometric intensity noise in the fiber optic links,”
. . ' IEEE J. Quantum Electronto be published.

approximation [6] G. E. Shtengel, P. A. Morton, R. F. Kazarinov, D. A. Ackerman, M.
S. Hybertsen, G. K. Belenky, and C. L. Reynolds, “Experimental study

on; , , it AT

"lint (T_TZ) =+ "lint _(]_It} ) (12) of physical parameters of semiconductor lasesgc. SPIE vol. 2994,

arT wnt " ar 4l ! pp. 678-689, Feb. 1997.

. . . [7] G. E. Shtengel, R. F. Kazarinov, G. L. Belenky, and C. L. Reynolds,

and use experimental data from [8]. If the doping level in the ~ jr. “wavelength chirp and dependence of carrier temperature on current

p-cladding layer at the interface with the separate confinement in MQW InGaAsP lasers,IEEE J. Quantum. Electronyol. 33, pp.

P 17 —3 iiant i ; 1396-1402, Aug. 1997.
Iayer IS5+ 107" em™, the Injection eff|C|ency decreases with [8] D. A. Ackerman, G. E. Shtengel, M. S. Hybertsen, P. A. Morton, R.

increase of temperature at a ratéf,, /07 ~ —1.107* K™, F. Kazarinov, T. Tanbun-Ek, and R. A. Logan, “Analysis of gain in
Then similar to (]_]_) determiningp in 1.3 mm semiconductor laserdEEE J. Select. Topics
Quantum. Electron.yol. 1, pp. 250-263, June 1995.

Thint = ey +

L 1 Ong dT 1 [9] G. L. Belenky, C. L. Reynolds, Jr., R. F. Kazarinov, V. Swaminathan,
F =—2— T E ~ —0.03 A7". (13) S. L. Luryi, and J. Lopata, “Effect op-doping profile on performance
Tint of strained multi-quantum-well INnGaAsP-InP laserEE J. Quantum
Electron.,vol. QE-32, pp. 1450-1455, Aug. 1996.
VI. CONCLUSIONS [10] D. A. Ackerman, L. M. Zhang, P. A. Morton, G. E. Shtengel, and J. A

] ) ) Sheridan, “Real-world distributed feedback lasers: measured, modeled
We have considered three mechanisms through which the and applied to CATV,"Proc. SPIE vol. 2693, pp. 600611, 1996.

; ; ; ; ; 1] J. I. Pankove, “Temperature dependence of emission efficiency and
carner heatmg can affect the “neamy of a Semlconduc'{& lasing threshold in laser diodeslEEE J. Quantum Electronyol. 4,

laser. Using the experimentally determined rate of carrier pp 119-122 Jan. 1968.

heating and other experimental data, we estimated the vallig§ E. J. Flynn, “Carrier-density-indePendent radiative constant in 1.3
of possible nonlinearities. Composite nonlinearity produced by Ton;teti%%% hgte‘i)rfsigjgcéure lasers}” Appl. Phys.vol. 78, no. 6, pp.
the analyzed effects is about 0.15°A This value is order of T '

magnitude smaller than values observed experimentally. This

indicates that effects other than carrier heating cause the static

nonlinearity in semiconductor lasers. Even more effects will

E_ldd to nonllnearlt_y of LI relation under frequen(_:y mC'dmaﬁudoh‘ F. Kazarinov was born in Russia in 1933. He received M.Sc. degree
tion, and the IMD is usually larger than can be estimated froim physics from the Leningrad Politechnical Institute, Russia, in 1958, and

the static L—| curve. At the same time the effect of carridth.D. degree in physics from the A. F. loffe Physical Technical Institute,

. . . . ussia, in 1962.
heatmg on IMD is frequency mdependent in the CATV rang% From 1958 to 1977, he worked at A. F. loffe Physical Technical Institute.

(below 1GHz) because the carrier heating is characterized #y has first proposed the double heterostructure design for semiconductor
the very fast time constants of order of picosecond or lelgsers in 1963 (with Zh. |. Alferov), and the concept of superlattice structure

. . intersubband laser in 1971 (with R. A. Suris). In 1979 he joined AT&T Bell
[1]' Therefore, we conclude that the carrier heatlng does r1_6‘:1t€oratories. He has published more than 150 papers and holds two US.S.R.

contribute significantly not only to the static nonlinearities, buind 16 U.S. patents. His research interests are primarily semiconductor lasers
also to the IMD of CATV lasers. and integrated optics.
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