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Abstract—Numerical modeling has shown that carrier cooling lasers, semiconductor saturable absorbers play a principal
and carrier heating strongly influence saturation dynamics and rgle governing pulse generation. Intraband carrier kinetics in
pulse shaping in bulk semiconductor absorbers. With no electric semiconductor absorbers can strongly influence the absorption

field in the absorbing region, carrier cooling leads to strong turation d . defini in fact. th 0 of d
additional fast saturation of absorption. The saturation causes a saturation dynamics, defining, In 1act, the scenaro ot mode-

substantial decrease in the saturation energies for subpicosecondlocking and pulse generation [20]-{23]. It explains why in
pulses in comparison with picosecond pulses. Comparison of bulk the last few years the dynamics of saturation in semicon-
and quantum-well absorbers shows that fast saturation can be ductor absorbers, particularly the effects of intraband carrier
stronger in a bulk abs_orber, so bulk saturable absorbers may pe kinetics on absorption, have been studied [21], [24]-[29] in
interesting for usage in mode-locked solid-state lasers. Applying th detail in d L lfi c licated
a nonzero electric field to a bulk absorber leads to strong carrier e Same etal qs gan ynam.'cs In-ampli 'e.rs' .om.p Icate
heating, which in turn suppresses absorption saturation. In this Saturation dynamics based on intraband carrier kinetics have
case, transition to absorption saturation involves new mechanisms been demonstrated for both bulk [24]-[26] and quantum-
such as screening of the electric field by photogenerated carriers, well (QW) [21], [24], [27], [28] saturable absorbers. Those
as well as carrier cooling due to carrier—phonon interaction and studies demonstrated that various mechanisms influence ab-

by generated cold carriers. Carrier heating by the electric field fi d S . duct includi th |
causes the saturation energy of the absorber to increase with sorption dynamics In semiconductors, inciuding nontherma

the applied electric field. The increased saturation energy allows €nergy distribution of photogenerated carriers (like spectral
one to shorten high-energy picosecond and subpicosecond pulsediole burning in amplifiers) [21], [24]-{27], carrier cooling and
without increasing the length of the saturable absorber, which heating [24]-[27], quantum-confined Stark effect [28], and the
could be useful for the generation of high energy pulses with gynamics of excitonic absorption [29]. All these mechanisms
mode-locked and(@-switched semiconductor lasers. . . L .
_ o _ _ are related tantraband carrier kinetics—transport of carri-
Index Terms—Carrier heating, intraband carrier dynamics, ers in both energy and real spaces within the same energy
mode-locked lasers, saturable absorbers, semiconductor lasers. pon4__and their characteristic times are of picosecond and
femtosecond time scales, much shorter thrgarbandcarrier
|. INTRODUCTION relaxation times.
NTRABAND carrier kinetics in semiconductors has at; Femtosecond pump-probe expenments on reverse-biased
. o bulk PIN heterostructure waveguide saturable absorbers and
tracted much attention because of their importance In : . ) :
odeling of these experiments are described in [24]-[26].

defining and limiting high-speed laser performance. A gre . . : :
deal of attention has focused on the effects of intraband carri%rose studies showed that carrier heating due to the electric

A ) . fleld is significant in such absorbers, and this heating together
kinetics, namely on spectral hole burning and carrier heatin . o !
. . e ; . th the dynamics of the electric field can have a dominant
in semiconductor amplifying media (see, for instance, [1]-[1 : X L

. . influence on the absorption saturation dynamics in bulk ab-
and references therein). In passively mode-locked énd

) . N g " oSorbers. Carrier heating by the electric field is impossible in
switched semiconductor [16}-[19] and solid-state [20}-[2 W structures, where the electric field is normal to QW’s in

. . . which carriers are confined. Thus, electric field carrier heating
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propagation through bulk semiconductor waveguide saturable X

absorbers. This work is based on an extension of the model for

femtosecond saturation dynamics in bulk absorbers [26]. Some A
_>

4¢Vappl

preliminary results of the study have been published in [30]. -
In this paper, we assume that the absorption coefficient .
depends only on the carrier densities in the conduction and mput tput
p/

d oul
1

- o . ) . pulse pulse
valence bands, and on carrier energy distributions (i.e., in fact, L—p

on carrier temperatures). An increase in carrier temperature 0 L
decreases the quantity of carriers that are in resonance with @
photons and can saturate absorption. Thus, an increase of P I N
carrier temperature suppresses saturation, and the absorption
coefficient approaches its unsaturated value. Conversely, car- ‘
rier cooling leads to an increase in absorption saturation. This =
simple picture is the basis of several earlier studies [4]-{[7],
[91-[11], [13]-[15], [22]-[27]- In contrast to amplifiers and T TR0 e
QW absorbers, in reverse-biased bulk absorbers the electric |
field in the absorbing region provides an additional source
of carrier heating and can significantly affect the absorption
dynamics. tunneling & ~ © clectrons
In this paper, we demonstrate how carrier cooling and carrier Sniseion s ® holes
heating influence saturation in semiconductor absorbers. In 1 L -
particular, in the absence of an electric field in a bulk absorber, 0 d
carrier cooling can lead to a substantial decrease in the (b)
absorption saturation energy for subpicosecond pulses. Agi@ 1. (a) lllustration of the considered problem: the light pulse propagates
result, longer absorbers are needed to shorten high-powhegugh a PIN waveguide semiconductor absorber of lefigdind with active

; : layer of thicknessl. The reverse voltag¥;,, .1 is applied to the absorber. (b)
Sprlcosecond pUIseS' We compare fast saturation dueScﬁematic band diagram of the absorber under consideration. Absorption takes

carrier cooling in bulk and QW absorbers and show that th@ce in the regiot < « < d. The fieldF is created by the chargés_ and

fast saturation in bulk absorbers can be stronger than in QW&; of ionized impurities at the N-I and I-P junctions, respectively, and is
so bulk absorbers might be preferable, for instance, in Solﬁu_e to the built-in voltagé+,; of the PIN structure and the externally applied
. . ! ! voltageV,,,1. Electrons (holes) leave the absorbing region through and over
state lasers where mode-locking is based on fast absorpti@iparriert. (T'.) at the boundary: = d (x = 0). The dash-dotted lines
saturation [20], [21]. show the quasi-Fermi levels for electrons-() in the conduction band and
In a bulk absorber, an electric field leads to strong carrild n°les €x,) in the valence band.

heating and substantial suppression of absorption. In particular,
the saturation energy increases with the electric field. With, The absorber is a PIN bulk heterostructure, so that
increased saturation energy, higher energy pulses can jdeéhe distance between two heterojunctions [see the energy
shortened without increasing the absorber length. In bulland diagram of the device in Fig. 1(b)]. The charggs
absorbers with nonzero electric field, saturation dynamicsad @, of ionized impurities at the N-I and I-P junctions,
including the transition from unsaturated absorption to strom@spectively, create the electric fieldlin the absorbing region
saturation and even to gain, are affected by screening of fie< » < d). Before pulse injection into the device, the electric
electric field, and by carrier cooling due to carrier—phonofield 7 = F,,, where the initial fieldF, is defined by the built-
interaction and generated cold carriers. Thus we can talk abfiiyoltage V4,; of the PIN structure and by the applied reverse
new mechanisms of saturation and improved pulse shapingpias voltagée/,,p1- The voltageli,; can be~1V, so even in the
bulk absorbers. absence of an applied voltage the initial field canfhe~ 107

The paper is organized as follows. In Section II, we descrihgm at d ~ 100 nm. As the light pulse generates carriers in
the model used in the numerical study. Numerical results afge absorbing region, some of the carriers are transported to
given and discussed in Section Ill. Section IlI-A considers th@e heterojunctions and neutralize the char@es and Q.
case of zero electric field; together with numerical results, WRereby changing, at least in part, the fiéldn the absorbing
also describe an approximate theory of absorption saturatiesjion.
and compare bulk and QW absorbers. Section 1lI-B is devotedpy|se propagation through the semiconductor Waveguide
to the case of nonzero electric field in a bulk absorber. Sectighsorber can be modeled with the propagation equation for

F tunneling &
- thermionic

emission

IV summarizes and concludes the paper. the photon densitie$(~, ¢)
as as
II. THEORETICAL MODEL > + v, o, = —lvga(z, t)- S (1)
z

We consider the situation illustrated in Fig. 1(a). A light
pulse is propagating through a semiconductor waveguide ab-
sorber in thez direction. The waveguide has a cross sectiomhereI’ = wd/A, is the confinement factor;, the group
A, and lengthL. Its active layer is of thicknesg and width velocity, anda(z, t) the absorption coefficient averaged over
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the thickness? of the absorbing region (see Fig. 1) neous broadening [33] can be written as
1 4 a=alz, x,t)=a, (1 — f(e2)— fu(e 4
a(;;,t):_/dm(z,x,t). o (2, 1) (1—fole) = fule)) (@)
d Jo where e, is the unsaturated absorption coefficiesft, (<) is

The absorption coefficient(z, z, t) at the point with coordi- the_ energy of electrons (h_oles) in conduction (valence) band
natesr andz is defined by the energy distributions of carrier@/hich are in resonance with photons of the enefigy

at this point. Let us note that because we concentrate on the €% = (Tiwy — Egap) Ty

propagation of picosecond pulses through relatively shabt( ¢ C TR L +my,

M) absorbers, we have neglected any dispersion effects in €9 = (hwo — Egap) Me (5)
the propagation equation (1). For shorter pulses (with duration Me + My,

~100 fs) and for longer propagation distances (for instanGghere£,,, is the energy bandgap in the absorbing region and
through an absorber in a cavity), the effects of dispersign, () is the electron (hole) mass.

can be important [31]. To describe the absorption dynamics,The dynamics of the Fermi levels and temperatures, and
generally speaking, one has to solve the Boltzmann equatigtordingly, of the absorption (4), are given by the balance

for carrier transport across the device in strong electric fieldsyuations for carriers and their energy in the absorbing region
together with the Poisson equation for the electric field in the .
%

absorbing region of the device. In order to avoid this very =S -v,-a(z t) - ni_ R (6)
complicated problem, we restrict ourselves to the propagation t g 7s
of picosecond pulses, which greatly simplifies the problem. du; g 1 / d o

. | ) g =5. Lz colz, x, t) - [€F .
First, because intraband relaxation timeslQ0 fs) are much dt Yy 0 ol @ 1) [ + (Fa) - (@)
shorter than the pulse duration, we will assume that the carrier W U — UL ,

o o . L, i=c v @)
distribution at any point in the absorber at any moment in Ts Tui w
Flme is a Fermi distribution. In_ggneral, itis easy t_o 'ntroquc\%her@c and 7, are, respectively, the electron and hole
into the model nonthermal deviations from Fermi dlStrIbUtIOh%.

i . . . .density, averaged across the absorbing region
and the deviations will describe some effects in absorption y 9 greg

dynamics similar to spectral hole burning in gain dynamics in _ 1 d d ‘ (8a)
amplifiers (see, for instance, [5], [6], [26]). The nonthermal =g o @ - ni(x)
effects can pg important fo.r femtosecond puI;es with high e (Fq)p(z) 8b
photon densities; however, in this paper we will concentrate ni(z) =N; - Fi2 T kgl (8b)
on carrier cooling and heating effects and neglect effects of ‘
nonthermal distributions. andw. andu, are the averaged energy densities for electrons
Second, carrier transport times across the absorbing regftfl holes, respectively:
in the presence of strong electric fields can be estimated as 1 7
Tir = d/Vsas, Wherew,,; is the saturated carrier drift velocity ui(z) = - / dx - u;i(x) (9a)
0

in high electric fieldsye.; ~ 2 - 10° m/s [32]. Ford ~ 100
nm, 7, is of subpicosecond time scale, which allows us to u; () :ﬁkﬁ'ﬂ "N, - Fyy [w:- —(Fq) - w(x)}
assume that on a picosecond time scale thermal equilibrium 2 kpTi

across the absorbing region exists at all times. This implies that + (Fq) - o(z) - ni(x) (9b)
carrier Fermi distributions are characterized by Fermi Ieve\'fﬁwereN
and temperatures which are independent of coordinatoss !
the absorbing region; only the electric potential varies with
coordinatex. Thus the carrier distributions at the pointare

given by

(i = ¢, v) Is the effective density of states [32]

mikBTi>3/2
27 h? ’

The first term in (9b) is the kinetic energy; the second term
e+ (Fg)p(x) — er, -t is the potential energy. The first terms in (6) and (7) are the
Jile) = {1 +exp { kep T } } v *=67Y  pumping rates of carriers and energy into the absorbing region.
(3) Electrons (holes) are pumped by the pulse into the conduction
whereer (er,) and. (Z,) are the Fermi level and temper-(valence) band with the kinetic energy (%) and the potential
ature for the electrons (holes) in conduction (valence) bandenergy (—q)[(+q¢)] [see (7)].
is the kinetic energy of the carriefFq)¢(z) is its potential The second terms in (6) and (7) describe interband carrier
energy, andy(z) is the potential which is defined by therelaxation. The third term in (7) describes energy relaxation
electric field#" and the distributions of photogenerated carriedue to carrier—phonon interactions [4], [5], [34)., (@) is
in the absorbing region. The minus sign in (3) refers to thee energy density of electrons (holes) at the lattice temperature
electrons { = ¢), and the plus sign to the holes£€ v). The 77 and is calculated at the same averaged demsityn,)
Fermi levelssp, andeg,, and the temperaturds. and”,, can and the same potentigl(x) as in calculation ofi, (@,). Ty
depend on the coordinatealong the absorber and on time (7,,) is the energy relaxation time for electron (hole) due
The absorption coefficient(z, x, t) is expressed throughto carrier—phonon interactiork;(z) in (8b) and (9b) is the
the carrier distributions (3), and in the limit of nonhomogeFermi—Dirac integral of the order

N vy =2 (10)
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Ri and R, in (6) and (7) are the rates of removal ofexternal circuit on the recovery of the fieldrc = R,C is
carriers and energy, respectively, from the absorbing regitre RC-time of the circuit, whereR?, is the series resistance
due to thermionic emission and tunneling through barriers @atd C' is the capacitance of the saturable absorber structure.
the heterojunctions [see Fig. 1(b)], and can be expressedAiny RC-induced delay in removal of charge through the rest
terms of the carrier distributions near the barrierss{at 0 of the circuit results in a delay in the recovery of the field in
for holes, and att = d for electrons) and the transmissiorthe absorbing region.

coefficients of these barriers: Equations (1), (6), (7) along with (14) and (15) are used in
o omikpT, [ [ this paper to study numerically picosecond pulse propagation
R, = o2i® ), dei derrDi(eL) through a semiconductor waveguide absorber. Note that at

1 @ = 0 (6)—(9) are reduced to the usual models [4]-[7], [10],
) {1 +exp {EL terr + (FOe(@i) —er, ” [13], [15] used for bulk semiconductor optical amplifiers. In
kpT; [22], [23], and [27], the model of (6)—(7) with corresponding
(11) changes for the two-dimensional (2-D) case in (8) and (9)
_ mkpT; /°° /°° dei ders - (1 +er1) - Di(e) also has been used to describe the absorption dynamics in
0 0

R, =

27,253 QW absorbers in modeling mode-locked lasers. In this case,
er 4 e+ (FQ)e(x:) — ep -1 photogenerated carriers are con_ﬂned_ in the QW in the direction
“q1+exp ) of the external fieldF', so the field is not able to heat the
ksT; . . ) : :
PR (12) carriers in the QW. The influence of the field on carrier

temperature dynamics can therefore be neglected, and the
D;(e1) is the transmission coefficient for carriers impingingotentialy can be put to zero in (7) and (9b). In QW absorbers,
the barrier normally with the kinetic energy , z. = d, and the electric field only influences the tunneling rates from the
z, = 0. In the model, we have assumed tHat = 1 if the QW. We consider the case ¢f = 0 in Section IlI-A.

energye, of the carrier is larger than the height of the  Thus, (6), (7) and (14), (15) can be considered a generaliza-
barrier [see Fig. 1(b)]e. > U; (thermionic emission). For tion of earlier models for the case of a nonzero electric field
e < U; (tunneling), the coefficient is calculated assuming th#t the active region of the device.

the barrier has a triangular shape with the slope determined by

the electric field#' in the barrier (Fowler—Nordheim tunneling) III. NUMERICAL RESULTS AND DISCUSSION

[35].

. . The calculations have been done for a GaAs—GaAlAs struc-
The potentialy(z) can be written as

ture. The effective masses of electrons and holes have been
o(@)=F -z + ¢(x) (13) taken as 0.067 and 0.34, respectively. The values of barriers
) ) . for electrons and holes at the boundaries of absorbing region
where the screening potentigi(x) is calculated from the (. _ o 1 [see Fig. 1(a)] have been assumed to be 0.38 and

Poisson equation 0.25 eV, respectively. The energy bandgap in the absorbing
92 q region E,,, = 1.48 eV. The lengthL of the absorber is
i ;[nc(x) — ny(z)] (14) 50 um. The thicknessd of the absorbing region is 100
) N nm, and the widthw is 3.5 um. The confinement factor
with the boundary conditions I’ = 0.2. The input pulse is assumed to be of Gaussian shape:
F(x=0) =0 (14a) 5= Smax - exp(—t?/72) with the full-width at half-maximum
95 95 (FWHM) 7y, = 2VIn 2 - 7,. The photon gnergﬁwo is 1.49
B (z=0) =~ (x =d). (14b) eV. The unsaturated absorption coefficient is assumed to be

_ e _ _ ~ a, =1.3-10° m~t. The carrier relaxation times = 300 ps.
In (14), ¢, is the vacuum permittivity, and is the dielectric The characteristidzC' time of the external circuitzc: = 50
constant. The condition (14b) means that the screening elecHic The carrier energy relaxation times. = 7., = 1 ps [5],

field, which is created by the carrier distributions(x) and [7], [34]. Other parameters of the device and of the input pulse
ny(x) in the absorbing region, has the same value, but th&n pe found in the next sections.

opposite directions at the boundaries= 0 andz = d.
As mentioned abovg, t_he el'ectnc. f|eEi is created by. thg A. Neglecting Field Effects: Carrier Cooling
charges_ and @, of ionized impurities. Due to thermionic _ ] )
emission and tunneling of photogenerated carriers from theln this section we assume = 0 in (5)—(82 and neglect
absorbing region, the chargés. and@_. change, which lead thermionic emission and tunneling?f{ = 0, R!, = 0). This

to variations in the field?’. Dynamics of the field? can be Case is interesting from several points of view. First, we can
evaluated from use this case as background in the description of electric field

dF 7 r_r effects in bulk semiconductor ab_sorbers. S_eco_nd, as mentioned
—_— = (R.+ R,) — ‘. (15) above, the equations for saturation dynamics in bulk absorbers
dt 2ee, TRC in this zero-field case are similar to ones for QW absorbers,
Detailed derivation of (15) (based on Kirchhoff laws) is giveso the analysis can be useful for semiconductor and solid-state
in [26]. The first term in (15) is due to thermionic emissiomode-locked and)-switched lasers that use QW structures as
and tunneling, and the second term describes the effect of #aturable absorbers. Third, bulk semiconductor absorbers may
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350 quantity of carriers with the lattice temperatufg = 300 K
% 300 . i _ is assumed to be in the absorber. The pulse generates cold
& 2 electrons with the energy? = 8.3 meV [see (5)], so the
%250‘ "-.__ . temperature of electrons in the absorbing region decreases
@ 200+ /A taps at first, and then it relaxes again to the lattice temperature
g ; ’ ——2:1ps due to electron—phonon interaction. Curve B in Fig. 2(a)
*2 1507 FRasn SR S 3:2001s shows temperature behavior if we neglect electron—phonon
£ 100t —B:,‘ P —eo interaction ... = 7., = oo in (7)]. In this case, the electron
% sol 2/ ¥ s temperature, which is established after the pulse, differs from
the lattice temperature. From Fig. 2(a) we see that carrier
O e % 4 2 o 2 = P cooling is stronger for shorter pulses (see curves 1-3), which
time, ps is in agreement with the conclusion for amplifiers [7] that
@) temperature dynamics are more important for shorter pulses,

and for longer pulses can be neglected.

- 14 Fig. 2(b) shows the corresponding dynamics of the absorp-
§ 12} tion coefficient. Curve A demonstrates absorption behavior
x when we neglect temperature dynamid&s. (= 7., = 300

;&; 10r K) for a pulse duration of 1 ps. We see that carrier cooling
s08r 1 aps leads to stronger saturation (curve 2 versus curve A). In fact,
g 06} —21ps the absorption saturates due to carriers generated by the pulse
R 3:200fs and due to their cooling in relation to the lattice temperature.
-%0'4' —A:T’ F’; t Relaxation of carrier temperature to the lattice temperature
5o02f (727 zeonst leads to partial fast recovery of absorption. Further long
< 0 recovery of absorption is defined by carrier lifetimes in the

Ke)
(<]
,
&k
.
Atb
!
ok

absorbing region. When tunneling and thermionic emission are
neglected, the long recovery is characterized by the interband
(b) relaxation timer, = 300 ps. The contribution of the fast

saturation is more important for shorter pulses (see curve 3),

10 and in this case the fast recovery is more pronounced. The
’go sl same fast saturation due to carrier cooling takes place in QW
®w )
& saturable absorbers as well and could be responsible for mode-
= ogl locking in solid-state lasers with semiconductor QW saturable
@ absorbers [20], [21]. In [22] and [23], the fast saturation has
3 04} been discussed as one of the possible mechanisms of mode-
5 locking in QW semiconductor lasers.
(c‘: o2} Fig. 2(c) shows the input and output optical pulses. Pulse
photon density and time in Fig. 2(c) are normalized with the
0,02 S s input maximum photon density,,..., and the pulse duration

T, respectively, separately for each of the different input

pulses. It allows us to compare pulse shaping for different
© input pulse durations. We see that carrier-temperature-induced

Fig. 2. (a) Calculated electron temperature dynamics, (b) absorption coafysorption saturation strongly influences pulse shaping (com-

ficient dynamics, and (c) output pulses for different pulse durations for ;

absorber with zero initial electric fieldFy, = 0): dotted curves 1 for 3 ps; E_ﬂhre curve 2 with curve A) where t_emperature_ effects are

solid curves 2 for 1 ps; dashed curves 3 for 200 fs; curves A for 1 ps al@nored. It demonstrates the necessity to take into account

T. = T, = 300 K; curves B for 1 ps and~.. = 7w, = oo. The thin these effects for proper modeling of short-pulse semiconductor

solid curve in (c) is the input pulse. In (c), time and photon densities a[8sers. We also see that for the same input pulse energy

normalized with the pulse duration, andSmax, respectively, separately for . . .

each case of pulse duration,. In all cases, the input pulse enerfly, = 10 Shorter pulses experience less pulse shortening. This last fact

pJ is assumed. is a consequence of the dependence of saturation energy

on pulse duration due to the considered temperature effects.

be interesting for application in solid-state lasers. Note th orter.pulses have smallgr saturation energy, so they saturate

. Co . absorption much more easily than longer pulses, and therefore

because there is no electric field in the structure, there is o~ )

. %x erience less pulse shortening.
carrier transport across the structure and therefore the mo he dependence of saturation energy on pulsewidth is seen
can also be used for subpicosecond pulses. from Fig. 3 where the absorber transmissiBp,;/Fi, (Fin
Fig. 2(a) §h0ws electron tempera.ture dynamics in the poigtine input pulse energyZ..: is the output pulse energy) is

z =40 pm in the absorber for the input pulse energy 10 pshown as a function of the input pulse enefgy for different

and different input pulsewidths (3 ps, 1 ps, and 200 fs). Theput pulse durations (curves 1-3). Curve A is obtained by

hole temperature behaves similarly. Before the pulse, a smadiglecting temperature effectd.( = 7, = 300 K) and

.0
normalized time, ¥z
in
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1,0 0,5 T o
iB{bulk) 7
w* P
~_08} T 00F § B(2D)
3 1
w® & i
- H
S 06 X 05
© = H
“ < H —— A(buik): TC=TV=300K
g 04 linear 3 20006 .% ) 7,: ------ Bbulk): T =64K, T =13K
G — 87, =7, = o ———A(@D): T =T =300K
- —AT=T=const | [ e B(2D): T =97K, T=19K
0’2 il N t ' 1 1 ¢ v
0,01 0,1 1 10 100 1,0 1,5 2,0

input pulse energy E , pJ carrier density, x1024m3
n

. . . Fig. 4. Dependence of gain-¢) on carrier density. Curve A(bulk) is for
F|gi. 3. Calcgla}eddc_ifefzpen?eml:e czjfth?_ tran?mlSﬂG%t/Eti)n On'tLhe |nputf Eulk absorber and. = T,, = 300 K, curve B(bulk) is for bulk absorber
plse energy {1 dierent pule duations o an abeoroer it zefo el 7, 2 61, 1, = 13 K. Curve AZD) i for QW cbsorer and

°o— i 9. 2 T. = T, = 300 K, and curve B(2D) is for QW absorber arld. = 97
K, T,, = 19 K. For additional explanation on curves B, see Section IlI-A.

does not depend, in fact, on pulse duration if we neglect
carrier relaxation s = oo; see, for instance, [7], [36]). If It is also worth noting that the pulsewidth-dependent effects of

we increase the pulse duratief,, so that temperature effectscarrier temperature on gain saturation in semiconductor optical
become negligible, the resulting transmission curves approaghplifiers were experimentally identified in [5] and [6], and
curve A. Curve B is obtained by neglecting electron—phonaheoretically modeled in [7].

interaction .. = 7., = o). This curve B is approached The two limit cases A and B in Figs. 2 and 3 can be analyzed
by the transmission curves if we decrease the input pulaed approximated as follows. The absorption coefficient (4)
duration 7;,. The importance of carrier cooling effects inis a function of the carrier densities. and n,,, and carrier
absorption saturation by picosecond and subpicosecond pulsesperatured, and 7,,:

is obvious from Fig. 3. In fact, the saturation energy for

long and short pulses can be different by one order of @ = afne, n, Lo, To). (16)
magnitude. The dependence of saturation dynamics on pul§ehe considered case of zero electric field, = n, = n.
duration is important for the design of short-pulse lasepssumingZ. = 7, = 7T} (curves A), we have that the
which use saturable absorber pulse shaping. For shortening,dhgorption coefficient depends only on the carrier density
transmission coefficient must be far from its linear value (see

Fig. 3) (otherwise the absorber will absorb the pulse linearly a=afn, n, Ty, Tr) = aa(n). 17
without shortening), and far from 1 [otherwise the pulse WiH’he dependence of the gain= —a on the carrier density:
be shortened only a little, as with the 200-fs pulse in Fig. 2(C¥y; this case is shown in Fig. 4 with curve A (bulk). The
i.e., a pulse with energy close to the saturation energy of tH@pendencex — au(n) is linear for smalln and can be
absorber is shortened most effectively. From Fig. 3, we C@Bproximated as

conclude that the modeled absorber will effectively shorten a

pulse with a duration of 1 ps and energy of 1 pJ. In order

to shorten stronger pulses of the same duration, we can uyse ., .. . . .
. Lﬁm differential absorption,, » can be found with (4)
a longer absorber, or use a new approach to increase the

O =, — Qg - N (18)

saturation energy. One such approach is to apply an electric exp(—e?/kpTL) N exp(—¢y/kpTr) (19)
field across the absorbing region. This approach is discussed™* ~— ©° N.(Tr) N(Tr) '
in Section Ill-B. In the case of short pulses,{ < 7., 7,), We can neglect

We note that in this paper we consider only t_emp_erqturg %férrier—phonon interaction. Then the temperatdfesand 77

fects and neglect any effects of nonthermal carrier dlstrlbutlon§ : :

in the absorbers. In fact, a nonthermal distribution (like speo- generated_ electro_ns and_ hOIGS’ which are established as a
S " . : .. tesult of carrier—carrier collisions, can be calculated from the

tral hole burning (SHB) in semiconductor optical amplifiers nergy balance equations

does lead to an additional contribution to absorption saturation,

the contribution being larger for shorter and stronger pulses. el -n=u.n, T?7), € -n=u,(n,T7).

In particular, if SHB were included, the additional reduction o ) . )

in absorption due to the nonthermal distribution would chan re we have neglected any .|n|t|al carriers in the absorber with

the curves in Fig. 3. Curve 3 (the 200-fs pulse) would chan peratureél;, before the arrival of the pulse. In general, the

(e} (e} H

most substantially: most of this curve would move to the axt€MpPeratured andZ; depend on the density of generated

of the ordinate, so that the saturation energy,( / En ~ 0.5) carriers. However, if we assume Boltzmann statistics, so that

decreases by 1.5-2 times. Curves 1 and 2 modify strongly or'ﬂS/the three-dimensional (3-D) case

at large input energiek’;,,, so that the characteristic saturation 3

energies for the 1- and 3-ps pulses do not change substantially. 2

(20)
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we obtain 10000
o mbulk 2] x
CZ—; _TZ - 3kB (22) GLS‘BOOO‘ ......... 0:F =0
=]
It is possible to show that the approximation with Boltzmann geooo | T B Eaoim
statistics leads to errors of no more than 10% in the calculation 2| | ;) 77 2 F =8x107Vim
of temperatures for the considered range of carrier densities. € 409l TR SSA0VIm
The absorption coefficient is then given as ]
bulk — $ 2000
a=a(n, n, T]:mk, T,]:.mk) =ap(n) (23) 3
0 I 1
or 4 6 8
A=, — QpB N (24)
where the “differential absorption” is
35
o ((exo—e/ksT) | exp(—eg/keT,") 30
UnB = (o~ —bulk + —bulk : E”
NC(TC ) ND(TL ) E 2,5+¢
25 2
(25) 2 2ol
Curve B(bulk) in Fig. 4 shows the dependence of the gain %j, 150 | e
on the carrier density for this case. In the considered case o
J— — e L e F(t
77" = 64 K, T2 = 13 K. The dependences A(bulk) and g 10 et o scrre r600)
B(bulk) can be used to calculate curves A and B in Figs.2 ®05¢
and 3 for long and short pulses, respectively. We see that the 0.0 . - .
. 2 4 6 8

difference between two curves A (bulk) and B(bulk) is very
large. In particular, the differential absorptions,, anda,, g
are different by one order of magnitude. (b)

Curve A(2D) in Fig. 4 shows the gain dependence on tfé- 5. (a) Calculated electron temperature dynamics for bulk absorber with

: : - _ _ different initial electric fields: curve 0 foF, = 0; curve 1 forF, = 1 x 107
carrier density for the QW in the case whéh = T;, = 300 V/Im; curve 2 forF, = 3 x 107 V/m; curve 3 forF, = 5 x 107 V/m. (b)

K. Curve B(2D) gives the dependence when carrier—phonognamics of the electric field in the middle of structure (solid curve), and of
interaction is negligible, the electron and hole temperaturestig external field” (dotted curve). Input pulse duratiofl, = 1 ps and input

the QW being defined by the energies and e’ of pumped PUISe eneroyEin = 20 pJ.
electrons and carriers (2-D Boltzmann statistics) as

—Qw & By integrating (1) over time, using (6) with (18) or (24), and

time, ps

7 = Ev i =c . (26 neglecting carrier relaxation terms in (6), we get
In calculating the curves A(2D) and B(2D) ,we used (4) aE _ T Eqaao[l — exp(—E/Eat)] (28)
with Fermi levels evaluated for a QW and assumed that its dz

thickness is 10 nm. The temperatunﬁgW and T?W have where the saturation energy parameter
been calculated for the same values dr and €7 as in Foo A
o4lg

the above case of a bulk absorber, ESW = 97 K and o » Tin K Tuer Tuv

T?W = 19 K. From Fig. 4, we see that the difference between Esar = hw:f{g (29)
A(2D) and B(2D) is not as large as between curves A(pulk) o Tue, Tuv K Tin K 75,

and B(bulk). This is due to the fact that the temperam?e“ . " .

(T?W) is larger thanTEulk (Tlsulk): in QW’s, the pump energy In the two limit cases of very short and relatively long pulses,

PR the ordinary differential equation (28) can be used instead of
e e)) is spent_only for two degrees of fr_eedom, compared Eﬂe full model [(1), (6)—(7)] to calculate the saturation curves
three degrees in the bulk case. Comparing curves A and Bi nFig 3
Fig. 4, one can conclude that the fast saturation due to carrier =~

cooling in the QW case will not be so pronounced as in ﬂ]f
bulk case [see Fig. 2(b)]. This implies that if mode-locking"
is based on fast saturation (as in solid-state lasers [20], [21])In this section, we consider the effect on absorption dynam-

the use of bulk saturable absorbers might well be preferai#é and pulse propagation of a nonzero initial electric field

Electric Field Effects: Carrier Heating

to QW absorbers. (F, # 0) in a bulk absorbing region. Before the arrival of
The approximate expressions (18) and (24) can be usedhg optical pulse, there are very few carriers in the absorbing
order to derive an equation for the pulse energy region; any carriers that are there are in equilibrium with
too the lattice, with a temperature of 300 K. Carriers generated
E(2) = hw,v,A, / dt - S(z, t). (27) by the pulse are heated by the field and reach temperatures

—o0 of ~1000 K depending on the value @f, [see Fig. 5(a) in
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5 2,5 0,5
L] 4
: 4 2’0§ % 0.0
& <
; 3k electrons 1,59 §
A 1 hole x x 05 i ]
-‘% electric field distribution g k=) —~
22 F141,02 P
g 2 R N 1/ -
° g £ 1:F =1x107V/y
3 = @ -1,0 1 F =x10vim
'g 1 0,5§ ® A e 2:F =3x107Vim
« o °
(] T —3: Fu=5x‘!07V/m
0 1 1 L 0,0 _1,5 1 1 1 1 1
0,0 0,2 0,4 0,6 0,8 1,0 -4 -2 0 2 4 6 8
normalized coordinate, x/d time, ps
Fig. 6. Distribution of electrons (dotted curve), holes (dashed curve), and of (@
the electric field across the absorbing region after the pulse.
1,0
----- input
which electron temperature dynamics are shown; behavior of ~ §,4| 5 o A TR T T et
hole temperature is similar]. Accumulation of photogenerated & | /8 77 % re
. . . . . . . —1: F =1x107V/m
carriers and their redistribution over the absorbing region = gt = v S [4/ N . E i
(electrons are collected near= d, holes nearr = 0) leads @ o
to screening of the electric field inside the structure. Fig. 6 S 0,4F °
demonstrates an example of such carrier and field distributions. &
The solid curve in Fig. 5(b) shows the time behavior of the % 02+t
electric field in the middle of the absorbing region. We see
that screening of the electric field takes place already at the 0,0~2 - 0 1 5
front of the pulse. High carrier temperatures lead, in particular, time, ps

to effective thermionic emission and tunneling of carriers ®)
from the absorbing region, to partial neutralization of ionized

. . . Fig. 7. (a) Gain £«) dynamics and (b) output pulses for different initial
impurities ¢ andQ-I-' andto a correspondlng decrease of t Ids F,,. Curves 0-3 are for the same conditions as in Fig. 5. Curve A is

field I [see dotted curve in Fig. 5(b)]. After the pulse passeaiculated for7. = 7, = 300 K. The thin dashed curve in (b) is the input
through the device, the field recovers to its initial valie ~ Pulse. Input pulse duration,, =1 ps and input pulse energy;, = 20 pJ.
After increasing, the carrier temperatures decrease [see

Fig. 5(a)]. This behavior is caused by weakening of carrier 1,0
heating by the electric field due to screening of the field —— A T=T =const o
[Fig. 5(b)] and by effective carrier cooling. Two mechanisms o
contribute to the cooling. The first one is carrier—phonon
scattering, which leads to cooling of hot carriers to the lattice

in

out

E /E
o
(o]

&

]

—1: F =1x107V/m
o

------ 2: F =3x107V/m
0

temperature. The second mechanism is generation of cold § %6r ___ .  ciovm o

carriers by the pulse. As discussed in Section llI-A, the & °

pulse generates cold electrons and holes near the edges of & o4} ":):’ o >

the conduction and valence bands with energigsand 9. j§; ? i 2
Previously generated hot carriers share their energy with the . . 1 .
cold carriers, leading to very effective cooling of carriers in 0,01 0,1 1 10 100
the absorbing region. input pulse energy E , pJ

The temperature dynamics define the behavior of absorption )

i i ; i igy 8. Calculated dependence of transmission / E;,, of an input pulse
and pulse shaplng. Flg. .7.(a) ShOWS the gain dynam!cs (the gt"':ir?ewrgyEin for different initial electric fieldsF,. Notations for curves are the
g = —a) at different initial electric fieldsty,, and Fig. 7(b) same as for Figs. 5 and 7. Input pulse duratign= 1 ps.
shows the corresponding output pulses together with the input
pulse i, = 1 ps, By, = 20 pJ). For comparison, curves ) . , i
A describe the case when temperature dynamics are ignor%lasorptmn. The moment of _th_e_ tra_nsmon (i.e., the saturation
We see that application of a nonzero field and the resultitf§’® delay) depends on the initial field,. For largerfs, the
carrier heating leads to suppression of saturation (curves 1€8jier heating in the initial stages of absorption is stronger,
during the initial stage of absorption, in comparison with thand more carriers must be generated to screen the field in
case when temperature dynamics are ignored (curve A), fgder to achieve substantial carrier cooling and to saturate
the case of zero electric field (curve 0). Accordingly, thabsorption. Thus the transition occurs at later times for larger
absorption of the front of the pulse is much stronger (curvédtial fields [curves 1-3 in Fig. 7(a)]. In other words, the larger
1-3 versus curves A and 0). Generation of carriers, electtite field, the larger the pulse energy needed to saturate the
field screening, and carrier cooling lead, finally, to a fastbsorption. Fig. 8 shows saturation curves (dependence of the
transition from unsaturated absorption to strongly saturatgdnsmission,F..:/E,, on the input pulse energ¥;,) for
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different fieldsF,. We see that the saturation curves strongly Applying a nonzero electric field to a bulk semiconductor
depend on the applied field,. For instance, in order to absorber leads to carrier heating by the field. Accordingly,
saturate absorption in the cagg = 5 x 107 V/m (curve saturation of absorption is suppressed in comparison with
3 in Fig. 8), the input pulse energly;,, must be an order of the case of zero electric field. Transition from unsaturated
magnitude larger than in the case of zero field (curve 0). Thuasorption to saturated occurs only as result of screening of
the saturation energy in the absorbing medium depends on the electric field by photogenerated carriers. As the electric
electric field F,, which in turn depends on the applied biadield is screened, carriers in the absorber are cooled due
voltage—an externally controllable parameter. to carrier—phonon interaction and by cold carriers generated
From Fig. 7(b), we see that the application of the electrlny the pulse. Due to the mechanisms of saturation via field
field F, leads to stronger pulse shortening in comparison wilitreening and carrier cooling, the duration of the transition
the case of zero electric field (curves 1-3 versus curve f8dm unsaturated absorption to strong saturation and even to
for £, = 20 pJ. Obviously, larger electric fields shouldgain (if enough carriers are generated during the stage of
be applied in order to shorten higher energy pulses. Thiappressed saturation) is defined by intraband carrier kinetics
effect of improved pulse shaping with applied electric fieltimes and can be on picosecond and subpicosecond time scales.
in bulk absorbers could be used in passively mode-locked andrhis carrier heating by the electric field leads to a depen-
Q-switched lasers for generation of high-energy picosecoddnce of saturation energy on the electric field: the saturation
pulses. energy increases strongly with the field. Accordingly, higher
If a sufficient carrier density is generated during the periaghergy pulses can be shortened with a bulk saturable absorber
of unsaturated absorption, positive gain can be obtained afigr externally increasing the applied reverse bias, without
carrier cooling [curves 2-3 in Fig. 7(a)]. Thus, in absorbeinacreasing the absorber length. This external control of pulse
with applied or built-in electric fields, a transition from abshaping could be useful for obtaining high energy pulses in
sorption to gain can be achieved. In the caseltgf = 20 mode-locked and Q-switched semiconductor lasers.
pJ, the gain conditions are reached after the pulse leaveginally, it has been discussed already [38], [39] that bulk
the absorber so the pulse does not feel the gain. Howevalbsorbing regions can be preferable to QW's for use as
after reflection by a mirror, the shortened output pulse caaturable absorbers in mode-locking. The model presented in
make a return pass through the device when gain is presehis paper shows that carrier temperature dynamics in bulk
and thus be amplified [36]. In this case, pulse shortenirdpsorbers offer some additional opportunities in comparison
can be achieved with smaller losses of pulse energy. Thigth QW absorbers for controlling saturation dynamics, pulse
configuration, with the pulse experiencing gain on its retusaturation energies, and pulse shortening, and could be useful
trip through the absorber, could be useful in mode-lockddr generating high-energy picosecond optical pulses.
and Q-switched lasers, particularly monolithic mode-locked
semiconductor lasers.
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