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Carrier-carrier scattering in the gain dynamics of In,Ga,_,As/Al,Ga;_,As diode lasers
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Ultrafast optical nonlinearities in semiconductors play a central role in determining transient amplification
and pulse-dependent gain saturation in diode lasers. Both carrier-phonon and carrier-carrier scattering are
expected to determine the gain dynamics in these systems. We present a relaxation-time approximation model
for carrier-carrier scattering in strained-layer lasers. The carrier-carrier scattering rates are determined using the
quasiequilibrium distribution functions for a given background carrier density. The distribution function to
which the photoexcited distribution relaxes is a Fermi-Dirac function where the chemical potential and tem-
perature are self-consistently chosen so that both particle number and energy are conserved in the carrier-
carrier scattering process. The relaxation approximation makes the problem an effective one-dimensional
problem which can then be solved directly for the carrier distributions using an adaptive Runge-Kutta routine.
This procedure is less computationally intensive than a full Monte Carlo simulation. The results show that the
inclusion of carrier-carrier scattering improves previous results where only carrier-phonon scattering was
included and that carrier-carrier scattering is necessary to produce heating of the carriers in the high-energy
tails. [S0163-1826)07535-3

I. INTRODUCTION In an earlier paper, we presented measurements
and calculations of femtosecond gain dynamics in
Femtosecond pump-probe spectroscopy is a valuable toth, _,GaAs/Al, _,Gg As strained-layer single-quantum-well
for studying the basic physics of nonequilibrium carrier dy-diode laser® We presented detailed calculations of gain dy-
namics and high-speed processes in both bulk semicondunamics in an Ip_,GaAs/Al;_,GaAs strained-layer SQW
tors and devices. At the same time, the study of femtoseddiode laser and compared them to experimental studies. A
ondgain dynamics in laser diodes plays an important role imultiple wavelength femtosecond pump-probe technique
understanding laser linewidth, modulation bandwidth, ampliwas used to study transient gain dynamics in an active diode
fication, and short pulse generatibif.Measurements of ul- laser under various injection conditions. We found reason-
trafast gain dynamics have been performed in bulkable agreement between theory and experiment where stimu-
GaAs/™® bulk InGay _(Asy Py * In,Ga,_,As,P,_, lated emission and absorption were dominant. In our theo-
multiple-quantum-well (MQW), 112 and InGa_,As/ retical model, transient gain and differential transmission
In,Ga, _,As,P, _, strained-layer MQW diode amplifiefs. were computed in a multiband effective-mass model includ-
Transient carrier temperature changes, that is, changes ing biaxial strain, valence subband mixing, and polar optical
the carrier distribution functions, influence the gain dynam-phonon scattering both within and between subbands. Tran-
ics on 1-ps time scales. These changes in the carrier distrsient photogeneration of electron-hole pairs by the pump
bution function can be produced either by free-carrier abpulse and subsequent relaxation of carriers by polar optical
sorption or by state filling produced by stimulated interbandphonon scattering were calculated in a Boltzmann equation
transitions, and two-photon absorption. Initial studiesframework.
showed that free-carrier absorption can play a dominant role In spite of the reasonable agreement between the experi-
in carrier heating. LateY: it was shown that, not only free- mental and theoretical differential transmission curves re-
carrier absorption, but stimulated interband transitions conported in our earlier paper, improvements can still be made.
tribute to the carrier distribution changes in In our earlier work, the pump and probe wavelengths were
In, _,GaAs/Al,_,GaAs strained-layer single-quantum-well fixed and differential transmission curves were measured for
(SQW) diode lasers. several different values of the injection curréne., several
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different values of injected carrier concentrajiofhe ex- near 910 nm for the light-hole transition. The pump was
perimental technique has since been modified to allow fochosen to be at 935 nm and the probe wavelengths were
the measurement of time-dependent differential transmissiowaried over a range af 25 nm from the pump, both with TE
spectra over a range of probe wavelengthe pump wave- polarizations. The pulse duration was 200 fs with an 8.2-nm
length is still kept fixed In addition, we extend our theoreti- bandwidth. Only the HHLCI transition contributes to the
cal formalism to include carrier-carrier scattering and weinitial stimulated emission processes without the light-hole
compare our results with the experimentally measured differband being directly involved. We performed experiments in
ential transmission spectra. Our results show that the incluthe perturbative limit where the differential transmission
sion of carrier-carrier scattering improves agreement beehanges were directly proportional to changes in the gain
tween experiment and theory where only carrier-phonorspectrum.

scattering was included. Furthermore, carrier-carrier scatter-

ing is necessary to produce heating in the high-energy tails Il. THEORY
of the distribution functions. _ . .
Our paper is organized as follows: In Sec. II, we discuss A. Electronic states and optical-matrix elements

the experimental setup. The theoretical method is presented A schematic of the active region of the strained-layer
in Sec. Ill, and the theoretical results are presented in Segingle-quantum-well diode laser used in the experimental
IV. The theory is compared to experiment in Sec. V. measurements is shown in Fig. 2. It consists of a 100-A
Ing 148Ga gAS quantum well surrounded by two 25-A GaAs
barriers. The 25-A GaAs barriers, in turn, are sandwiched
between two Al_,GaAs layers. Because of the lattice mis-
The schematic of the modified experimental setup for thénatch between InAs and GaAs, the quantum well is under
measurement of time-dependent differential transmis8ien  biaxial strain. In our treatment of electronic states, we as-
shown in Fig. 1. The pulse spectrum of a modelockedsume that all the strain is accommodated by the 100-A
TiAl ,O, laser was first broadened in an optical fiber using!No.16Ga s/As quantum well. We take the growth direction
self-phase modulation and then selected for the pump and tHéhe direction perpendicular to the heterojunctiots be
probe using spectral windows. A portion of the probe was
split to provide a reference pulse and both probe and refer-

Il. EXPERIMENT

° . X 50 ™ 1.6 um 1.6 um

ence pulses were frequency shifted using acousto-optic n AlGaAs p AlGaAs
modulators with 50 and 51 MHz modulation frequency, re- 40

spectively. The pump, probe and reference pulses were <

coupled collinearly into the diode laser with the reference :\5 80 02 um 02 um

pulse 1 ns ahead of the pump and the probe. An imbalanced 20 AlGaAs AlGaAs
Michaelson interferometer was used after the device to delay GRIN GRIN

the reference pulse and interfere it with the probe pulse at the 10

detector. An am radio receiver was used to detect the probe

signal by monitoring the 1-MHz beat frequency. w © T GaAs o5om] [ 25nm 04 um
Background-free measurements were performed by chopping & 10 _| SUBSTRATE GaAs GaAs pt G‘;As
the pump at 400 Hz and using lock-in detection. R 10nm

The devices used for these investigations were 20 InGaAs
In,Ga _,As/Al,Ga,_,As GRIN-SCH SQW diode lasers
which were 300um in length. The band gap for the active  FIG. 2. Schematic structure of J&a, _,As/Al,Ga; _As GRIN-
region was near 960 nm for the heavy-hole transition andsCH SQW diode laser.
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along thez direction. Both GaAs and In,GaAs are direct tions (ODE’s). In the ODE method, we dividk space into
gap materials and we use an effective-mass model to devenly spaced cells of widtAk=k,,,/N, whereN, is the
scribe the confined electron and heavy- and light-hole statesuumber ofk cells and the value df at the midpoint of each
We solve for the electron and hole envelope functions bycell is k,, (m=1,...N,). In eachk cell the average of the
finite-differencing the effective-mass ScHinger equation distribution function is defined as

on an equally spaced mesh. We take thg3&d As barrier to

be infinite and require that the effective-mass envelope func- f (ko t)= 1 km+Ak/2dk K- (K.t) 5
tions vanish at the AL,GaAs interfaces. The finite- meme KmAK Jk, —ak2 mee

difference equations, together with the vanishing of the en- ) ) )

velope functions at the AL,GaAs interfaces, lead to a Taking the weighted average of the one-dimensional Boltz-
matrix eigenvalue problem which can be solved to obtain thénann equation over & cell and assuming the distribution
electron and hole subband energigg (k) and E, (k) as functions are slowly varying in each cell, we obtain

well as the corresponding envelope functions evaluated at df (kp,t)  [df(Ky,t) df(Ky,t)
the mesh points. Using the computed wave functions, we can ={ }
obtain the squared optical matrix elemerfexpressed in dt dt dt gen
units of energy defined as

sc
dfn(km,t)

dt ©

cc

2
IA.PnC,nU(k>|2=f drygs ((DV2Im-p) g k()] . (D) o o _
This is a set of ordinary differential equations figi(k,,,t).
Given initial values of the distribution functions in eakh
B. Solution of the Boltzmann transport equation cell, f,(ky,t— —=), we can solve the system of ODE’s
To study the time evolution of the distribution functions With an adaptive stepsize Runge-Kutta routine. The initial

for electrons or holes in the presence of the pump laser, weistribution functions are determined by the electron and
use the time-dependent Boltzmann equation hole quasi-Fermi levels. The initial electron distribution

functions are
ot
ot

4|
ot

! @ f (k - .
neKm = ) X En (K — Fel Ko T}

af (k1) _[afn}
ot ot
ge

Y

sC cc

wheref ,(k,t) is the time-dependent distribution function for
electrons(or holes in subbandn with wave vectork. The
first term on the right-hand side represents the time rate of 1
change of the distribution functions due to transient photo-  f_ (k. ,t— —o)= . (8
generation of electron-hole pairs by the pump, while the sec- n.(m ) 1+exp{ —[En, (km) = F, /ksT} ©®
ond term represents the time rate of change due to scatteri
by polar optical phonons. The final term describes the tim
rate of change of the distribution functions due to carrier- 1 (2=

carrier scattering. To simplify the calculations, we adopt an En(k)= o de E, (k). 9
axial approximation in which the distribution functions are ™ Jo

replaced by their_angul_ar averages in the plane of the quaRrhe electron and hole quasi-Fermi levefs, and F,, are
tum well. We define axial distribution functions related to the total carrier concentratiassumed equal for
electrons and holedy

while the initial hole distribution functions are given by

gﬂgere we use the angular averaged subbands

1 27 1 27
fn(kat)=z JO da fn(kvt)_z fO da fn(k101t)a (3) 1
Noo=— 2 fu (Kt —0)kndk
where we have written the wave vector in cylindrical coor- T ne.m
dinatesk=kp+ 6. We take the moment of the Boltzmann 1
equation overé to obtain a one-dimensional Boltzmann =— E fo (K, t——)k,Ak. (10
equation: T, m

A factor of 2 has been included to account for the spin of
electrons and holes.

ofn(kt) 1 dea{&fn(k,t)}
gen

a 2w 0 ot For the electron photogeneration term, we have
1 (2= |of,(k,t) ot (Km,t)
i Z 0 de[ ot sc T * n U(ﬁw,t)|)\-Pnc‘nv(km)|2
gen v
. 1 nda[afn(k,t) 7 X[1=f, (km D= fn (K, D)1, (1D
27 Jo ot

e where the photon energy is

To solve the one-dimensional Boltzmann equations, we

convert them to a coupled set of ordinary differential equa- ho= E“c(km)_ Enu(km) (12)
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and the transient energy density of the pump is an ideaThis integral may be evaluated using Simpson’s rule. Thus
Gaussian pulse,

fn(kmit)_fg(kvﬂ*vT*)

2t coshl(m) Ci(u* T 0=, Ak kn (ko) =0
(18)

u(hw,t)ocsecﬁ(
70

Xex;(w (ﬁw—ﬁwo)z). (13  This last equation may be viewed as a global equation of
7 constraint to be satisfied by the effective temperature and

The pulse is centered &t with a temporal widthr, and a  chemical potential. From the requirement that carrier-carrier

spectral widtho. It is worth noting that the photogeneration scattering conserve energy, we obtain a second equation of

term at a giverk can be positive or negative depending onconstraint

the sign of - fnc(km,t)— fnv(km,t). This method of gener-

ating carriers is quasiclassical and is valid providing the

dephasing time of the photoexcited carriers is short with reC2(pu* T J):% AK kenEn (k)

spect to the pulse duration; otherwise carriers must be gen-

erated using the semiconductor Bloch equations. In generat- fro(Km ) = FO(Km, *, T*)

ing the photoexcited carriers, we first use the full X 7(Km)

(nonangular averageyl bands to determine an “effective

pulse width” that is then used to generate carriers in therhe two equations of constraintC,(x*,T*,t)=0 and
angular averaged bands. C,(u*,T*,t)=0, uniquely determine the effective tempera-
The first two terms in the Boltzmann equati describ-  tyre and chemical potential at any given time in terms of the
ing photogeneration and scattering by polar optical phonongme-dependent cell-averaged distribution functions and the
have been described in detail in our earlier papétere we  sybband and wave-vector-dependent relaxation rates. In the
focus on the carrier-carrier scattering term. We modelrynge-Kutta integration of the Boltzmann equation, we use a
carrier-carrier scattering using an effective relaxation operanewton-Raphson multidimensional root-finding routine to
tor approacit® Carrier-carrier scattering for both electrons gptain the effective temperature and chemical potential

ahndthIes is described by an effective relaxation operator dheeded for the evaluation of the effective relaxation operator.
the form

=0. (19

fn(k,t)—fﬂ(k,,u* %) C. Relaxation rates for electrons

- 7,(K) ' (14 In order to employ the effective relaxation operator for
o _ electron-electron scattering in the Boltzmann transport equa-
The relaxation timer,(k), depends on subband indexand  tjon, we still need to compute the relaxation rates,,(l,,),

If (K, t)
ot

cc

wave vectork and (in the case of electrons for electrons and holes. In the case of electrons, we assume
that the carriers all stay in their original subbaridi&gonal
FO(k, w* , T*) = 1 (15) approximation. That is, carriers can scatter with other carri-
n ) ’

= 15
1+exp[E,(k)— u* 1/kgT*} ers in different bands, but they do not change bands in the

is a quasiequilibrium distribution function characterized byscattering process. We I}y, (q) be the two-body scatter-
an effective temperatur&* and chemical potentigk*. In  ing rate at which an electron initially in stape,k) scatters
the usual relaxation-time approximation, we would Eetto  off a second electron initially in stata’ k') and ends up in
the lattice temperature and® to the electron quasi-Fermi a final statgn,k-+q) having scattered the second electron to
level F.. In the effective relaxation operator approach, thethe statgn’ k’—q).

effective temperature and chemical potential are time depen- Neglecting Fermi filling effects, the two-body scattering
dent. They are determined by the constraints that the particleate obtained from Fermi's golden rule is

number and energy are conserved in carrier-carrier colli-

sions. Sincer(k) is k dependent, the actual distribution func- , 21 ,

tion f,(k,t) and the relaxation functiof®(k,x*,T*) may W' (a) = W Ve (@)|?8En(|k+a]) +En (Jk—ql)
be characterized by different chemical potentials and effec-

tive temperatures. They are equal if the actual distribution —En([k)—En ([k']). (20)

function is a Fermi-Dirac function as it must be whieroo.
Imposing conservation of mass on the carrier-carrier scatthe two-body interaction matrix is just
tering mechanism we obtain

J
< nEk fn(k,t)=;k {

which, in the axial approximation, becomes

s fmdk k{fn(k,t)—fﬁ(k,u*,T*)

n Jo 7r(K)

f (K, 1)

&0 o e VE;E,’(q):f drfdr'w:,k(rw:,,k,(m

- VAT =1 s oD i (1), (21)

where V([r—r'|) is the screened Coulomb potential. In the
=0. (17) effective-mass approximation, the quantum well electron
wave function for an electron in theth subband is
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1 to within about 5% for the small values gfof interest and
Pnx(r)= N ek F(2)]d=3,0), (22)  so we arrive at the simple expression
2
whereF,(2) is tPe e]ectron er)ve!ope function Qescribed in VE'E:(Q): 2Le:\/(q)_ (29)
Ref. 15 andlJ=3,0) is the periodic part of the-like k=0 ’ Ago(q+0s)

Bloch state in the bulk material. For a statically screene

Coulomb potential, we obtaif dThls is just the strict two-dimensional limit of the screened

Coulomb potential and depends only ). The expected

) reduction in the bare Coulomb potential due to the finite size

VO ()= 2me E 23 of the quantum well is very nearly canceled by a correspond-
k,k’(q)_ Aeoqe(q) nn (), (23 ing reduction in the RPA dielectric function and so we are
justified in using the strict two-dimensional limit for the
where the form factor screened Coulomb potential.
Taking the Pauli exclusion principle into account, the col-
lision integral for electron-electron scattering within the
“ <o , same bandn, is given b
Fn,n'(Q)Ef7 d2f7 dz |Fn(z)|2 |Fn’(Z )|2 9 y
afa(k,t)
Xexp —qlz—2'|). (24) { nat } = {fn(k’,t)Skn,'k(l—fn(k,t))
cc k'
It should be pointed out that in the strict two-dimensional _fn(k,t)sﬂyk,(l_fn(k’,t))}, (30)

limit, F,, ,»(q)=1. ThusF, ,/(q) accounts for the finite size

of the quantum well. In our treatment of screening, we aswhereS] ,,, the rate at which electrons in bamdscatter

sume that most of the electrons reside in the lowest-lying,om k to k’. is obtained from the two-body scattering rate
electro_n sub_ban(the_ electric quantum _I|m|t approximatinn _ by summing over the states of the target electron. Thus
The dielectric function for electrons in a quantum well is

then given in the random phase approximatigA) by?° ]
S o= (KW (k=K D[~ Fon(K" =k’ +K)].

n” k"
Fai(@){1— O (q—2ke) V1= (2ke 197}, 3D

(25 In the limit of a weak pump, the distribution functions
will only be slightly perturbed from thermal equilibrium.
wherekeg=y27n is the Fermi wave vector for carrier con- Thus
centration,n, and

ds
=1+ =
€(q) q

fa(k,) =Fo(K) +gn(k,b), (32)
2e2m;c where the differential distribution functiog,(k,t) is small.
Qs:—EOﬁz (26)  The “relaxation-time approximation” that we make consists

of replacingf (k' ,t) by f%(k’) when it is integrated over in

is the screening wave vector. The electron effective mass ié%)(e’.?z{uzorf;?(rﬁg ;i)rtgtts{g?nt]hg nl rltheegrr?éit'(ﬁg)n dwsei du: (%E)q'

m% and F, 4(q) corrects for the finite size of the quantum f (k' 1) is re 01, _ ;
b ! . X n(k’, placed byf (k") and 1—f,(k,t) is replaced by
well. With the RPA dielectric function, the screened Cou'l—fﬂ(k)—gn(k,t). For the terms} ., only the equilibrium

lomb matrix element is given by the rather formidable look-", "/ . L .
g y distribution functions are used. A similar procedure is used

ing expression : : )
g exp for the second term on the right-hand side(8®). This pro-
cedure is different from the standard “linearization” proce-

Y B 2me? dure where deviations if,(k,t) from equilibrium are con-
k'k'(q)_ASO(Q+qs) sidered even when integrated over. Our procedure simplifies
the form of the collision integral and is based on the belief
o Frn(a) that integrals of the change in distribution function should be
F11(a){1— O (q—2ke) 1—(2k|:/q)2}' small. As a consequence of the neglect of these extra terms,

one must chooseu* and T* in the relaxation function
(27 £%k,u*,T*) so as to ensure conservation of energy and par-
ticle number in the carrier-carrier scattering process.

We can simplify things further. Except for very low carrier Making the above relaxation approximation, we obtain

concentrationsg<2kg and the heavyside function in the

denominator vanishes. In addition, for the first few electron 0
subbands, we have {af,«k,t) gkt fak -0
at 7(K) (k)
Fom (@) _, . cc " ol
F11a) where the relaxation rate is given by
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Tn(lk)=2ﬁ—” %q V(@) PRk ) (k= @)1= FR(k") T+ f (k) 1= fa(k+ ) (1= f (K= @) ]} (Er(k+ )
+Enr(K" =) = En(k) = Epr(K")), (34)
|
wheref 9(k) is the initial equilibrium distribution function. In For holes the quantum well wave functions are given by

our axial approximation, the distribution functions and sub-
band energies depend only on the magnitudes of their argu-

ments. If we take the spherical average of the relaxation 1 3R
operator, we find P ’ Pni(r)= A elk'r,,:E_w Fr@=27), (@37
afy(k,t) fo(k,t)—fo(k,t)
| T ok (39 where[d=%,1) is the p-like spin 2 Bloch state andr;, (2)
ce are the envelope functions. Unlike the electron envelope
where functions, the hole envelope functions depend explicitly on
the spin index,v, as well as the wave vectok, With the
1 1 (2= 1 more complicated wave functions, the matrix element for the

de

=0~ 27 Jo Y rke) (36)

screened Coulomb interaction becomes

For each subband, we evaluate and store the relaxation rates

atk,,. 2

T
vﬂ;’f‘m,(k,k’,q)=m

Form (KK',a). (38
D. Relaxation rates for holes

The calculation of relaxation rates is more involved in the  |n calculating the dielectric functiorg(q), for Eq. (38),
case of the holes. In the first place, we can no longer assumge include only the electrons in the screening. In a static
that the incident and target particles remain in their originalscreening approximation, both the electrons and the holes
subbands. The reason for this will become apparent shortlywould contribute to the screening. However, the holes are
We let ng,“m,(k,k’,q) be the two-body scattering rate at much more massive than the electrons and therefore a dy-
which a hole initially in statén,k) scatters off a second hole namic screening model is more appropriate, since the heavier
initially in state|n’,k’) and ends up in a final stapm,k+q)  holes are not effective in screening the electrons. To allow
having scattered the second hole to the statek’ —q). for this, sometimes a pseudodynamic screening model is
used. In pseudodynamic screening, one neglects all carriers
that are heaver than a given carrier in determining the screen-
ing. For instance, heavy holes do not screen the light holes,
but the light holes do screen the heavy holes. This method is
difficult to implement in the strained-layer quantum wells
since the valence subbands are not characterized by a single
effective masg(cf. Fig. 3 and whether a hole is light or
heavy depends upon where it is in a given subband. Thus one
cannot easily implement pseudodynamic screening and
therefore must use a fully dynamical screening model includ-
ing the full band structure. This is beyond the scope of the
present calculations. As a compromise, we therefore choose
to neglect all the holes in the screening. This should be more
realistic than a static screening model but will slightly under-
estimate the effects of screening on the hole scattering. We
do not anticipate that these effects should be major since the
holes, by virtue of their larger effective masses, are gener-
0.0 o1 ated by the optical pulse much closer to equilibrium than the
(110) k (&~") (100) electrons. In this simplified screening model, we have

1.0

0.0

-0.1

Electron Energy (eV)
1.5 2.0
\
\
\
A
\
\
\
1

Hole Energy (eV)

-0.2

0.1

FIG. 3. Computed electronic subband structure akirig) and ’ nm e
(100 in the active region of the device. The conduction subbands ymm (KK’ \q) = 2me Fn',m/( k',q)
are shown in(a) and the valence subbands are showribin The n’,m/AT Aeo(g+0s) F1,1(Q)
heavy-hole subbands are solid lines and the first light-hole level is
shown as a dashed line. We include the 100-Ala ,As SQW
and the 25-A GaAs bounding layers and assume complete confine- The form factor is more complicated than for the elec-
ment of electrons and holes within the active layer. trons, however. For holes we have

(39
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obtain two sets of parabolic hole bands. In this case, it would
Fzyrf‘m,(k,k’,q)=J dzJ dz’e 92771 Fr*(2)F} . o(2)  be permissible to make the diagonal approximation and as-
v sume that incident and target particles remained in their
original subbands. This is because the form factor for a two-
x> F::*k/(zf)pr:'/ 2. (40)  body collision in which a hole scatters to a different subband
: K'—q : : ; :
v would be small in this case. When interactions between
heavy and light holes are included, however, the wave func-
In the case of electrons, the form factors correct for the finitdions become admixtures of heavy- and light-hole states and
size of the well and we saw that in the limit of an infinitely the form factors for scattering between heavy- and light-hole
thin quantum well, the form factors for electron subbandssubbands can no longer be ignored. The diagonal approxima-
approached unity. This does not hold in the hole case sincton that holes remain in their original subbands is no longer
the hole envelope functions depend explicitly on the waveappropriate and we must explicitly allow for hole scattering
vectors of the initial and final states. If we were to ignore thebetween different subbands.
interactions between heavy- and light-hole states, we would The relaxation rate for holes is given by

1 277 2
=— > VI kKLU k) (K —a)[1— 2, (k) ]+, (k) [1— o (k+q)]
Tn(k) h n’,mm’ k’,q '

X[1—fp (K" = @) ]} SEm(K+ )+ Epy (k' =) = En(K) —Eni(k")) (41)
|
and we take the angular average of tkislependent relax- Spectral broadening of the probe pulse is taken into ac-
ation rate to obtain the relaxation rateslgt in the one- count by replacing the Diraé function in the gain equation
dimensional model. with a Lorentzian function:
Electron-hole scattering is neglected in this calculation.
Since the holes are much more massive than the electrons, 5 1 Bl 7pope 43
electron-hole scattering is similar to electron-impurity scat- (X)—>; m (43

tering. That is, the scattering is quasielastic and the main

effect is to cause the electrons to relax to their angular avefyhere

aged distribution. Since the distributions are already angular

averaged, the effects of electron-hole scattering should be A

minimal. fil Tprone=5 (LITet 1) (44)

E. Time-dependent optical gain and differential transmission  is the associated energy broadening factor angl, /%, are

. . . . ... the electron and hole scattering rates. In calculating the
The time-dependent optical gain for a given polarization . ;

. . . broadening factor, we must not only take into account
can be expressed in terms of the optical matrix elements

. . ...~ “carrier-phonon scattering, but also carrier-carrier scattering.
electronic band structure, and time-dependent axial dIStI’IbL\-N ke 7/ - based h lculati f
tion functions as e take fi/m,ope=22.5 meV based on the calculation o

Asada?! In addition, the time-dependent optical gain
g"(fw,t) is convoluted in time with the probe pulse.
Mo, t)oc AP K )|2 The time-dependent transmission coefficient is defined as
g (ho.t) n%,, % [A-Pn, n, (k)] the ratio of transmitted to incident pow&r.In the thin
K[, (ke O+ f (ko £)—1]2 sample limit, wherd. is the thickness of the sample, we have
n A\ Km» n,\Km,t)— T

AT

y jkmwk/zdk OE, (10—E.. (K)—fa). ?m[gk(ﬁw,t)—gk(ﬁw,ta—OO)]L- (45
K—Ak/2 ¢ v

(42) In practice, we theoretically calculate only the change in ab-
sorption and do not multiply by a given length scale since the

It should be noted that in the absence of carriers, the opticaxperimental sample lengths vary from sample to sample.
gain is just the negative of the absorption coefficient. In cal-The units in our plots are therefore arbitrafiyn addition, the
culating (42), the energies of the bands are shifted by 23plots have also been scaled so that the numbers on the graphs
meV to match the disagreement between the theoretical barate easier to readin the experiments, the typical values for
edge calculated with the Luttinger model and the experimenAT/T are 0.1-2%. This depends, however, on the intensity
tal edge. This discrepancy is most likely due to band-gamf the pump pulse since in the low-intensity limit, the mag-
renormalization resulting from the injected background carhitude of the signal depends on the number of carriers cre-
riers. ated.
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& o F--- FIG. 5. Energy-dependent carrier-carrier relaxation rates at 300
o - | K for electrons in the first conduction subband. The carrier-carrier
relaxation rate depends on the lattice temperature and injected car-
° rier density. As the carrier density is increased, carrier-carrier scat-

tering becomes more effective in thermalizing the electron distribu-
0.1 0.0 0.1 tion function.

(110) k (&-Y) (100)
optical matrix elements are seen to be anisotropic and to
strongly depend on wave vector.

At the zone center, the squared optical matrix element is
proportional to the product of the squared momentum matrix

FIG. 4. Squared optical matrix elements algig0 and (100
for dipole-allowed TE transitions between the first four valence
subbands and the firé4) and secondb) conduction subbands.

IV. THEORETICAL RESULTS element between the ele_ctron and hole e_nvelope functions.
The hole envelope function &=0 will vanish unless the
A. Band structure subband indices for the valence and conduction subbands are

The active region of the device consists of the 100-Athe same. This is th&n=0 selection rule for optical transi-
Gay giNg1AS SQW and the two 25-A GaAs bounding lay- tions between quantum well subbands. This is evident in Fig.
ers. We assume that the carriers are completely confine®y Where the strongest optical matrix elements at the zone
within the AL Ga,_ As GRIN structure and take the barriers center correspond t#,-C,, L,-C,, andH,-C, transitions.
to be infinite. The SQW barriers are taken to be finite and we ©Our model includes the effects of mixing of light- and
allow the carriers to tunnel into the GaAs bounding layersheavy-hole states in the Luttinger Hamiltonian. As we move

The Brillouin zone lies in the-y plane and the computed @way from the zone center, we find that the oscillator
subband structures nele=0 are shown in Fig. 3 along the Strength is redistributed among the various subbands. As can
(110 and(100 directions. be seen in Fig. 4, the forbidden transitions pick up oscillator

The conduction subbands in Fig(aB are isotropic and strength at the expense of the allowed transitions.
parabolic and the electron states are derived freiike
Bloch states. By convention, we label the electron subbands C. Carrier-carrier relaxation rates
C, wheren=1,23,... denotes the subband index. The hole ) o
subbands in Fig.(®) are nonparabolic and anisotropic and in . For the SQW laser device shown in Fig. 2, the polar op-
general the hole states are mixtures of heavy- and |ight-ho|€ca| phon_on scatter]ng—out rates for electrons and holes were
Bloch functions. By convention, we label the hole subbandgePorted in our earlier papét.In the present paper we con-
H,, or L, depending on their heavy- and light-hole charactersider bpth _polar optlcal_phonon sc;atterlng and carrier-carrier
at the zone center. The terms “heavy” and “light” refer to Scattering in the effective relaxation model. In general, the
the effective masses along tizedirection. Heavy holes are relaxation rates, ¥}, for carrier-carrier scattering in sub-
heavy along the direction but light in thex-y plane, while bandn depend on the lattice temperature, the initial carrier
light holes are light in the direction but heavy in the-y ~ concentration, and the carrier energy equivalently, the
plane. In the figure, the heavy-hole subbands are shown &&Tier wave vector The energy-dependent relaxation rate at

solid lines and the first light-hole subband is shown as & lattice temperature of 300 K for electrons in the first con-
dashed line. duction subband is shown in Fig. 5 for several initial carrier

concentrations. The relaxation rate for electron-electron scat-
tering is seen to increase as the background carrier concen-
tration is raised. We can anticipate that at low background
The squared optical matrix elements for dipole-allowedcarrier concentrations, carrier-carrier scattering can be ne-
transitions between valence and conduction subbands agiected in comparison with polar optical phonon scattering
shown in Fig. 4 for TE polarization. We plot the squaredwhile at high background concentrations, carrier-carrier scat-
optical matrix elements as a function of wave vector in thetering will be the dominant scattering mechanism. Estimates
(110 and (100 directions for transitions involving the first indicate that for carrier concentrations abowe1D' cm™?,
four valence and first two conduction subbands. The squarechrrier-carrier scattering is important and must be included.

B. Optical matrix elements
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Fermi function determined by the subband structure of the

1.00 device, the lattice temperature, and the injected carrier con-
0.95} centration. Att=0, the pump reaches its maximum intensity

and a hole is burned in the electron distribution function near

0.90 k 18 meV. As time progresses, electrons at higher energy are

w W scattered into this hole by emission of polar optical phonons

and a series of dips appear in the electron distribution func-
tion spaced a LO phonon energy apart. After a few picosec-
onds, a quasiequilibrium Fermi distribution is established.

It is useful to plot the quantity

(1—f(E)
In —f(E)

= o085l
0.80
0.75

Energy (meV)

. N o . as a function of energy. If(E) is a Fermi distribution, we
FIG. 6. Time-dependent electron distribution function in the fIrStobtain a straight line,

conduction subband in the presence of a pump pulse. The pump IS

in the gain regime and electrons are depleted through stimulated 1-f(E)
emission and subsequently relax through polar optical phonon scat- In| ———|=BE-Bu, (46)
tering. f(E)

where the intercepBu is proportional to the chemical po-
tential x and the slopeB=1/kgT is the reciprocal of the
To illustrate the effects of carrier-carrier scattering ontemperature in units of energy. In Fig. 7 we plot
electron dynamics at moderately high injected carrier densi-
ties, we set the lattice temperature to 300 K and the injected 1-f(E)
carrier concentration to 52010 cm 2 and compute the ”(W)
time-dependent distribution functions in the presence of a
strong pump pulse with a pulse energy Bf=0.4 fJ (as for the distribution functions depicted in Fig. 6. At the be-
defined in Ref. 1§ a central energy ofiw=1.358 eV, a ginning and end of the simulation, the distribution function is
spectral width ofc=30 meV, and a temporal width of seen to be a Fermifunction with a temperature of 30@He
7,=200 fs. For this combination of lattice temperature, in-initial lattice temperature Note that the chemical potential
jected carrier concentration, and central pulse energy, thehifts(as seen by the change in intergeghte to the fact that
pump is in the gain regime and will act to deplete carriersthe pump laser has removed carriers from the device. Around
from the active region of the device through stimulated emist=0, the distribution function is nonthermal and the hole
sion. In simulating the carrier dynamics of the device, theburning peak and associated phonon replicas are clearly vis-
distribution functions were first computed with polar optical ible in the energy range below 100 meV. In the high-energy
phonon scattering as the only scattering mechanism. The réail of the distribution above 100 meV, the distribution func-
sults for the first electron subband are shown in Figs. 6 and #ions are well characterized by Fermi functions at the initial
with only polar optical phonon scattering. lattice temperature, but with a slowly varying chemical po-
In Fig. 6, we plot the electron distribution as a function of tential. The effective “electron temperature” does not
energy relative to the bottom of the first conduction subbandhange during the relaxation.
for several different times. The different curves are: before We next computed the distribution functions including
the pulse(solid line), center of the pulsédashed ling 200 fs  bothpolar optical phonon and carrier-carrier scattering in the
(dash-dotted ling 400 fs (dash-multi dotted lineand 3 ps simulation. The results for the first electron subband are
(dotted lind. At t=—ox, the initial electron distribution is a shown in Fig. 8 where the electron distribution is plotted as a
function of energy. The pump pulse and the initial electron
- - ' - distribution are the same as in Fig. 6. As the pump reaches
its maximum intensity at=0, a hole is again burned in the
electron distribution function near 18 meV. The laser acts to
deplete carriers and drive the device to transparency while
the scattering mechanisms act to oppose this tendency and
restore an equilibrium distribution. Comparing Figs. 6 and 8
we see that the hole burning peak is shallower in the pres-
ence of carrier-carrier scattering as one would expect.
Carrier-carrier scattering also acts to smooth out the phonon
replicas at later times. We find that more carriers are de-
- pleted from the sample when carrier-carrier scattering is in-

0 50 100 150 200 250 cluded.

D. Time-dependent distribution functions

In[(1-f(€))/f(e)]

Energy (meV) In Fig. 9 we plot
_ ; 1-f(E)
FIG. 7. If[1—f(E)]/f(E)} plotted as a function of energy for In
the time-dependent electron distribution functions shown in Fig. 6. f(E)
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FIG. 8. Time-dependent electron distribution function in the first ~FIG. 10. Time-dependent hole distribution function in the first
conduction subband in the presence of a pump pulse. The pump }éalence subbapd In the presence of a pump pulse. The pump pglse
in the gain regime and electrons are depleted through stimulatel§ the same as in Fig. 6 and the holes relax by means of polar optical
emission and subsequently relax through both polar optical phonoRhonon scattering.
scattering and carrier-carrier scattering.

Iprobe frequencies. These measurements can be directly com-
pared with our theoretically predicted differential transmis-
sion spectra. Depending on the position of the pump relative
%o the transparency point, the pump can either be in the gain

pump is at maximum intensity, the distribution function is . ' .
nonthermal around the pump energy. Carrier-carrier scatterg;rl:)izfsreg'me’ that is, the pump can either create or deplete

ing quickly thermalizes the distribution functions and heats

the high-energy tails of the distribution functiof®-400 fs.

Eventually(3 p9, the temperature of the tail relaxes back to A. Differential transmission spectrum:

room temperature. Neglecting the hole burning peak near the Pump in the gain regime

center of the pulse, the distribution functions can be charac- . . L

terized by a Fermi distribution with a time-varying effective ~ We first consider what happens when the injection current

temperature and chemical potential. is h|gh enpugh for the pump to be in t_he gain regime. We set
We plot the time-dependent distribution functions for thethe injection current to 4.2 mA, which corresponds to an

first hole subband in Fig. 10 for optical phonon scatteringinjected carrier concentration of 10" cm™. For this in-

only and in Fig. 11 we show the corresponding results withiection current, the transparency point is at 925 nm and the

carrier-carrier scattering included. The time for the variouspump is at 935 nm. This places the pump in the gain regime

curves are the same as in Figs. 6—9. In Fig. 10, one sees tledse to the transparency point. The pump is amplified on

relaxation process of the hole distribution functions occur{passing through the device and electrons and holes recom-

ring through optical phonon scattering. When carrier-carriebine through stimulated emission. Consequently, the differ-

scattering is turned on, the phonon replicas disappear and ttestial transmission is negative.

carrier-carrier scattering acts to thermalize the distribution. The experimentally measured differential transmission

spectra are shown as a surface plot in Fig. 12 in which the

as a function of energy for the first conduction subband fo
the distribution functions depicted in Fig. 8 including both
carrier-carrier and polar optical phonon scattering. When th

V. COMPARISON OF THEORY AND EXPERIMENT negativeof the differential transmission is measured as a
For the device shown in Fig. 2, time-dependent differen-
tial transmission spectra have been measured at different 0.60 ' ' ' ' '
O
. 400 s 0.00 ) ' ' ' '
- 3ps 0 10 20 30 40 50 60
, . : - Energy (meV)
0 50 100 150 200 250
Energy (meV) FIG. 11. Time-dependent hole distribution function in the first

valence subband in the presence of a pump pulse. The pump pulse
FIG. 9. If[1—f(E)]/f(E)} plotted as a function of energy for is the same as in Fig. 6 and the holes relax by means of both polar
the time-dependent electron distribution functions shown in Fig. 8optical phonon and carrier-carrier scattering.
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FIG. 12. Experimental data showing femtosecond spectral de- ) . . .
pendence of transient gain for 4.2-mA bias with the pump in the FIG. 14. Theoretically calculated differential transmission spec-

gain region. The transparency point is at 925 nm and the pump is é{e} for_ the experimental situatic_)n depicted in Fig. _12. Carrier relax-
935 nm. The vertical axis is the negative of the transmission chang@tion i by means of polar optical phonon scattering only.
and the differential transmission is measured as a function of probe

wavelength and probe delay. To compare these results with theory and to better appre-

ciate the role of carrier-carrier scattering in the gain dynam-
function of probe delay and probe wavelengthwe can ic_s, we compute theorgtical d.ifferential t_ransmission spectra
) ; : ) with and without carrier-carrier scattering. The computed
examine the data by taking slices through this surface. yie ential transmission spectra as a function of probe delay
Fig. 13a), we plot differential transmission as a fgnctlon of and probe wavelength in the absence of carrier-carrier scat-
probe wavelength measured at several delay times and l[%ring is shown in Fig. 14. In Fig. 18 we plot the com-
Fig. 13b) we plot the differential transmission as a function puted differential tran.smis:sion as' a function probe wave-
of probe delay at several different probe Wavelengthslength at several delay times and in Fig(d)5the computed
Around zero time delay, sharp transmission decreases Afifferential transmission as a function of probe delay is
obser\_/ed wiih & spectrgl peak at f[he pump vyavelle(.mﬁ shown for several different probe wavelengths. In Fig. 14,
nm) with no spectral shift and a time-resolution-limited re- | ", clearly see a large peak in the negative differential
covery. At |ntgrmed|at§ time delays, gain changes are medﬁansmission centered around the pump wavelength similar
ated by 22”'“ heating and a decrease in the camelh the experimental curve. Electrons and holes are depleted
populat!on._ Much stronger carrier heating and carrier from the lowest-lying conduction and valence subbands and
population-induced transmission decreases are observed fﬁ'{e gain in the vicinity of the pump is suppressed, resulting

probe wavelengths close to the transparency point. in a negative differential transmission centered on the pump
0 0.0
) w
T -5 £ 02
£ -0k g o4
i’, 1 < -0.6
-~15 -
E E -0.8
-20F Expt. (a) J 0
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v i
£ £
£ g
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FIG. 13. Selected slices through the experimental differential FIG. 15. Selected slices through the theoretical differential
transmission data seen in Fig. 12.(& the differential transmission transmission spectra seen in Fig. 14(dinthe differential transmis-
is plotted as a function of probe wavelength at several differension is plotted as a function of probe wavelength at several different
values of the probe delay while ifb) the differential transmission values of the probe delay while i) the differential transmission
is plotted as a function of probe delay for several values of thds plotted as a function of probe delay for several values of the

probe wavelength. probe wavelength.
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FIG. 16. Thepretlcally _calc_ulated c_ilffere_nna_l transm|sspn SPEC kG, 18. Theoretically calculated differential transmission spec-
tr&.‘ for_ the experimental situation deplcted in Fig. 12. Carr_ler rela_x-tra for the experimental situation depicted in Fig. 12. Carrier relax-
ation IS by means of both polar optical phonon and carmer-camebion is by means of both polar optical phonon and carrier-carrier
scattering. scattering and the probe signal is modified by the suppression of the

. . Coulomb enhancement factor.

wavelength. After the pump dies away, scattering restores a
qya5|eqU|I|br|um gain spectrum on a time scale of a feWyiterential transmission around the pump frequency and
picoseconds. In Fig. 14 the thermalization of electrons and,,othg out the phonon replicas. Agreement between these
holes is entirely due to scattering with polar optical phonons,, 5 and the experiments is better than with phonon scat-
The secondgry pee_lk seen near 910 nm is a phonon r‘E’pl'(.\‘t%fring only. While inclusion of carrier-carrier scattering
Phonon replicas arises when carriers are scatt_ered k.)y an Bmooths out the sharp peaks in the results with only phonon
tegral number of optical phonon energies and jump into th%cattering(Figs. 14 and 15 the agreement between experi-
ele_lc_:]ron and holotleds_?tes d.ef)leted by the pumhp. ent and theory with only phonon scattering is not too bad,

he computed differential transmission In the presence of,igering it is much easier to calculate the effects of pho-
carrier-carrier scattering is shown in Fig. 16. In Fig(dZve non scattering only
plot the computed differential tran.smission.as_a function The Sommerfeld enhancement factor used in calculating
probe Wavelgngth at several dplgy times and 'n,F'gb)lfhe the optical matrix elements has not been reduced due to car-
compu_ted differential transm!ssmn as a function of prob ier screening. To estimate the importance of screening, we
delay is shown for several different probe wavelengths. I, vecaiculate the differential transmission without the

siequili_brium distribution. The inclusion O.f carrier-carrier lot the differential transmission with carrier-carrier and op-
scattering in our model suppresses the dip observed in th%
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FIG. 17. Selected slices through the theoretical differential FIG. 19. Selected slices through the theoretical differential
transmission spectra seen in Fig. 16(@nthe differential transmis- transmission spectra seen in Fig. 18(dinthe differential transmis-
sion is plotted as a function of probe wavelength at several differension is plotted as a function of probe wavelength at several different
values of the probe delay while ifb) the differential transmission values of the probe delay while i) the differential transmission
is plotted as a function of probe delay for several values of thds plotted as a function of probe delay for several values of the

probe wavelength. probe wavelength.
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FIG. 20. Experimental data showing femtosecond spectral de- 0.10F ..- © --.910nm 4
pendence of transient gain for 3.0-mA bias with the pump in the « AR -—g20nm (b)
loss region. The transparency point is at 935 nm and the pump is at g i H --
925 nm. The differential transmission is measured as a function of 3 0.05 ‘ T
probe wavelength and probe delay. \‘g

—
tical phonon scattering, buto Sommerfeld factor. In Fig. E
19(a) the differential transmission is shown as a function of

probe wavelength at several delay times and in Figb)lthe
computed differential transmission as a function of probe Delay (ps)

delay is shown for several different probe wavelengths.

While the inclusion of the enhancement factor significantly FIG. 21. Selected slices through the experimental differential
changes the overall magnitude of the signal, it only slightlytransmission data seen in Fig. 20.(& the differential transmission
modifies the wavelength dependence. Details of the screeiis plotted as a function of probe wavelength at several different
ing effects on the Coulomb enhancement should thereforealues of the probe delay while ifip) the differential transmission
not be extremely important for the overalhapeof the re- is plotted as a function of probe delay for several values of the

sults. probe wavelength.
B. Differential t - rum: relaxed through exchange energies with the lattice-inps.
o eren ' r?;ST'SS'On spectrum: After 1 ps a steady spectral response is reached which was
ump in the foss regime induced only by carrier concentration increases and relaxed

We next consider what happens when the injection curen a much longer time scale.
rent is low enough for the pump to be in the loss regime. Since the pump wavelength is not far from the transpar-
When we set the injection current to 3 mA, the injectedency point, weak inverted spectral hole burning effects are
carrier concentration is 1.4110'2 cm 2. The transparency expected. This agrees with experimental observations which
point is now 935 nm and the pump is at 925 nm. This placeshow a fast positive transient having a weak spectral peak at
the pump in the loss regime. The pump will now be attenu-920 nm. The probe transmission changes induced by carrier
ated on passing through the device and it will generateooling and carrier concentration increase are comparatively
electron-hole pairs through stimulated absorption. much stronger and dominate the measured response through-

The experimentally measured differential transmissionout the whole spectrum.
spectra are shown in Fig. 20. Here we plot the experimen- In Fig. 21(a) we plot the experimental differential trans-
tally measuredpositive differential transmission changes as mission as a function of probe wavelength measured at sev-
a function of probe wavelength and probe delay. The pumgral delay times and in Fig. 2d4) we plot the differential
is fixed at 925 nm with a bias current of 3 mA, correspond-transmission as a function of probe delay at several different
ing to a carrier concentration of 240 cm 2 The trans- probe wavelengths.
parency point was at 935 nm and the probe wavelength was In Figs. 22 and 23, we plot our computed differential
tuned from 910 to 965 nm in increments of 5 nm. At zerotransmission as a function of probe delay and probe wave-
time delay, we observe a sharp transmission decrease. THength for a simulation in which only polar optical phonon
has been attributed to either two photon absorption or detailscattering is included. In Figs. 24 and 25, our computed dif-
of the generation mechanism not included in our quasiclasferential transmission includes the effects of both polar opti-
sical method. To account for this in our calculations, we addcal phonon and carrier-carrier scattering. Again, as can be
an additional contribution to the differential transmission sig-seen, the inclusion of carrier-carrier scattering improves the
nal proportional to the convolution of the pump and probeagreement between theory and experiment, the net result be-
pulse. This initial negative transient is followed by a fasting that carrier-carrier scattering smooths out sharp struc-
rise, induced by the inverted spectral hole burning and cartures in the differential transmission. Comparison of Figs. 24
rier cooling effect$* which reached a maximum at a time and 20 show that in our model, it appears that the carrier-
delay of 120 fs. A spectral peak at 920 nm is observed, witkcarrier scattering is slightly too strong. This could possibly
a 5 nm blue shift relative to the pump central wavelength. Atresult from(1) the use of the screening model discussed ear-
400 fs time delay, this spectral peak is smoothed out comher, (2) the use of a relaxation time approximation, ()
pletely, and the nonlinear gain is induced by carrier coolingsubtle differences in the experimental and theoretical initial
and carrier concentration increase. The carrier cooling effectsonditions. It warrants future investigations.
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FIG. 22. Theoretically calculated differential transmission spec- F!G- 24. Theoretically calculated differential transmission spec-
tra for the experimental situation depicted in Fig. 21. Carrier relax-ra for the experimental situation depicted in Fig. 20. Carrier relax-
ation is by means of polar optical phonon scattering. ation is by means of both polar optical phonon and carrier-carrier

scattering.

C. Injection current dependence and two-photon absorption
lated transitions, and depend on the position of the pump

In addition to computing differential transmission spectrawithin the gain spectrum. The pump is at the transparency
with the pump in the gain and loss regions, we have alsgoint for an injection current of 4.85 mA. The pump is in the
studied in detail the dependence of differential transmissiofoss regime for injection currents less than 4.85 mA, and in
on injection current for fixed pump and probe wavelengthsthe gain regime for injection currents greater than 4.85 mA.
The pump wavelength is fixed at 920 r{#8 meV above the Peak-to-peak transmission changes are around*1%.
band gap and the probe wavelength is fixed at 942 (i Figure 26b) shows our computed differential transmis-
meV above the band gagn Fig. 26a), we show the experi- sion spectra at the probe energy as a function of time delay
mentally measured differential transmission spectra at sevfor several injection carrier concentrations, including the ef-
eral different injection currents as functions of the probe defects of polar optical phonon scattering bghoring carrier-
lay. The instantaneous decrease in probe transmission negairrier scattering. We see that our calculation correctly re-
zero probe delay seen in all the traces is the result of possibleroduces the overall trends seen in the experiments. At low
two-photon absorption as discussed earlier. The steplikinjected carrier concentrations, the pump is in the loss re-
transmission changes at long time delay are produced by ngime and carriers are injected into the quantum well by
changes in carrier concentration through interband stimustimulated absorption. Likewise, at high carrier concentra-
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FIG. 23. Selected slices through the theoretical differential FIG. 25. Selected slices through the theoretical differential
transmission spectra seen in Fig. 22(@nthe differential transmis- transmission spectra seen in Fig. 24(dnthe differential transmis-
sion is plotted as a function of probe wavelength at several differension is plotted as a function of probe wavelength at several different
values of the probe delay while ifb) the differential transmission values of the probe delay while i) the differential transmission
is plotted as a function of probe delay for several values of thds plotted as a function of probe delay for several values of the
probe wavelength. probe wavelength.
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’ 1.39 x 10 em” FIG. 26. Differential transmission spectra as a
=~ 1.0 - - function of probe delay for several injection cur-
I 4.5 mA .
EN 179 x 10 om? 175 = 107 om=? rents. The pump and probe wavelengths are fixed
Z 0.0 485 ma | | | at 43 and 11 meV above the band gap(dnthe
- \'/ s oa 193 x 10% cm® 193 x 10% em® experimental data are shown. (ln) the computed
E _\fm 199 = [0F oz differential transmission is shown for a simula-
-1.0 6 mA - - tion with polar-optical-phonon scattering and in
V\\/’_’—' \ 55 x 10% omt 739 x 102 em= | (C) the computed differential transmission is
—p0 L Mrpecrarey L v shown with both polar optical and carrier-carrier

scattering included.
-1 0 1 2 3 4-10 1 2 3 4-1 0 1 2 3 4

Delay (ps) Delay (ps) Delay (ps)

tions, the pump is in the gain regime and carriers are exscattering is modeled using an effective relaxation operator.
tracted from the quantum well through stimulated emission.The carrier-carrier scattering rates are determined using the
Finally, in Fig. 26c) we plot the computed differential quasiequilibrium distribution functions for a given back-
transmission spectra at the probe energy as a function of timground carrier density and the distribution function to which
delay for several injection curreniscluding the effects of the photoexcited distribution relaxes is a Fermi-Dirac func-
both polar optical phonon and carrier-carrier scatteringtion where the chemical potential and temperature are self-
Comparing Figs. 2@) and 2&b) with the experimental consistently chosen so that both particle number and energy
curves in Fig. 26a), we see that the inclusion of carrier- are conserved in the carrier-carrier scattering process. The
carrier scattering improves the overall agreement betweerelaxation approximation for carrier-carrier scattering makes
theory and experiment. In particular, the slow decrease ahe problem an effective one-dimensional problem which can
long times seen in the top curve of Fig.(@6(the 3.5-mA  then be solved directly for the carrier distributions using an

case, is reproduced in Fig. 46). adaptive Runge-Kutta routine. This procedure is much less
computationally intensive than a full Monte Carlo simula-
VI. CONCLUSIONS tion. The results show that the inclusion of carrier-carrier

] scattering improves previous results where only carrier-
We have presented measurements and calculations of thionon scattering was included and that carrier-carrier scat-

femtosecond gain dynamics in 4InGaAs/Al;_,GaAS  tering is necessary to produce heating of the carriers in the
strained-layer single-quantum-well diode lasers. A multiple-high-energy tails.

wavelength femtosecond pump-probe technique was used to
study transient gain dynamics in an active diode laser under
various injection conditions. The pump and probe wave-
lengths can be varied independently and the differential We are grateful for comments and suggestions from
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