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Quantum dot amplifiers with high output power and low noise

Tommy W. Berg® and Jesper Mark
Research Center COM, Technical University of Denmark, Build. 345V, DK-2800 Kgs. Lyngby, Denmark

(Received 9 October 2002; accepted 5 March 2003

Quantum dot semiconductor optical amplifiers have been theoretically investigated and are
predicted to achieve high saturated output power, large gain, and low noise figure. We discuss the
device dynamics and, in particular, show that the presence of highly inverted barrier states does not
limit the performance of these devices. ZD03 American Institute of Physics.
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The dominance of the erbium-doped fiber amplifiersystem are then described by a set of rate equations for the
(EDFA) in optical communication systems stems from itsdensities of the different electron populatiomge have cho-
high output power and good noise properties compared teen to normalize using the respective active material vol-
bulk and quantum well (QW) semiconductor optical umes:

amplifiers! Progress in growth technology has resulted in the 0 n

. . . . . &NW | fWSE A A VO NE
realization of high-quality quantum ddQD) lasers with = - > ang+f\f/’v_z D,—=
record low threshold current density and high output pdiver, gt eVw 7Vw'n Vw “n TeTE
and recently the wavelength range has been extended to 1.55 N a oW
um2 A number of basic material properties render QD de- S —WE 5ﬁp (2 f‘F’,"— 1Py, (D]
vices extremely interesting not only as lasers but also as w9 p OR@p
amplifiers?=® IND f0 D NP NP N

Due to an inherently small confinement factor, QD ma- TE: W—VE n_ _E§0 - L —anE— —=
terial normally exhibits a small modal gainecessitating 7cVo TeTe 7o To%a 7E
the use of longmillimeters devices in order to achieve a £ eg pE

. . . . . . n n.p
significant device gain. This might pose a problem since, —;<2NE— V_)E Ao Py, 2
under high pumping conditions, the wetting lay&v/L) and ore P
barrier states could achieve much larger modal gains than the  gNg B NG . & ag eg
. . n n n

QD states and the device could, therefore, start lasing at —5~ = "fe= _—n e~ 7=~ ZNG_V_O
these higher states. Also, the upper states with high gain o6
could be expected to consume a large fraction of the injected pﬁp

; o e . X > “—P,. 3)
carriers through amplified spontaneous emis$ABE), lim S Ao, P

iting applications to low pumping and low gain.

We present here a detailed numerical analysis of QOere,Ni' (i=G,E) is the GS/ES carrier density of tih
amplifiers and predict that these devices may promise supélot populationVy, andV, are the volumes of the WL, and a
rior characteristics regarding gain, power, and noise comsingle dot, respectivelf,, is the absolute number of dots in
pared to other types of semiconductor amplifiers. The potenQO_pmat'fmm &; is the degeneracy of t?e{ dot levels |nc|gd|ng
tial problems just mentioned are thus found not to limit theSPiN (two for GS and four for ES f; s the occupation
performance as long as the antireflectiR) coating of the ~ Probability of the QD states, arfd=1-f{'is the probability
device is of a good, but realistic quality.

The gain spectrum of the device under consideration is .50 ](a) P
illustrated in Fig. 1. The system is composed of an inhomo- %150_ = AKA/m? ”
geneously broadened QD ground st@®S), an excited state 5 100] — — -Fullinversion
(ES), and a WL in the shape of a narrow QW. Inhomoge- 5
neous broadening is taken into account by splitting the en- = 50 _
semble of QDs into a number of populations depending on 0 np 1 ‘
the eigenenergies of the GS levels. The WL is assumed to be Transition Energy [eV]
in quasi-equilibrium(i.e., described by a Fermi distribution 2 |(b) Wettin
function) and is, consequently, described by a single carrier S Layerg
density,Nyy. In accordance with Ref. 4, we assume that dy- s / ES
namics are limited by conduction-band electrons, due to the =) / GS 7
larger level spacing compared with valence-band holes and § . ' _ A i
the resulting larger relaxation times. The dynamics of this EGES,  ECEE, E,
FIG. 1. (a) Gain spectrum for a current density of 1 kA/&mnd under full
3Electronic mail: twb@com.dtu.dk inversion.(b) Schematic illustration of the density of states.
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of finding an empty electronic QD stali% is the occupation TABLE I. Essential parameter values used.
probability at the WL band edge; is the QD GS/ES spon-

. e > Parameter Value Parameter Value
taneous carrier lifetime, andy=1/(Ay+ BwNyw+ CwNy)
is the carrier lifetime in the WLro=1/(Ay+CoNy) and  2c=2e 3x 107 m? Ac 1x10%s7!
Te=A.+CNy are the carrier intradot relaxatidgS to GS v 4X012665m Aé’ ;fo%ﬁ .
and capturgWL to ES) characteristic timegsassumed iden- - 2.7%10° 13 2 COC 3.5 10713%35571
tical for all populationg respectively, including phonofthe Te=TE 1ns Aw 1x10P st
A coefficient3 and Auger(the C coefficient$ contributions — AEZETe 62 meV Bw 7x10 ¥ mis?
as described in Ref. 5. Intradot excitation and re-emission ofAEEW” 59 meV Cw 1x10 4 m°s?

carriers into the WL are related to the opposite transitions of
relaxation and capture by the ratios: 7g

— n n__ n
=(2c/ee) expAEqe/kT) and 77 =exp@Ee wkeT), where the device length is increased, the QD GS and ES generate

n o . CE ;
AEg e andAEg  are the electronic activation energies from increasingly more ASE, resulting in a lowering of the inver-

the GS to ES and the ES to WL band edges, respectively. In. -
the gain termdlast term in Eqs(1)—(3)], a; is the differen- sion of the structure, and thus, in an overall decrease of the

tial gain. ando—=WH/T is the absorption cross section WL gain. Also, the ASE from the ES transition is seen to
gan, 7= ) P . decrease between the 4 mm and 7 mm devices, whereas the
whereI’, W, andH are the confinement factor, the width, . . . .
dGS emission continues to increase for the device lengths

and the h‘?:"g.ht of the active region. ASE_n0|se Igads t_o broa shown here. The fact that the QD GS is energetically lower
band emission, and we have accordingly discretized th .
an the WL means that the WL only consumes carriers

spectral density into appropnate energy ranges_. TRysis through recombination when these are not required for am-
the number of photons in the energy ranjéw,=fwp.; plification of either a signal or ASE in the QD GS.

i . .
andp,, is defined as: The length-dependent amplification properties are illus-
_ fhwpiq (g trated in Fig. 3. The QD GS small signal gdsolid line in
Pnp= Jﬁ J'Ei"HGi(E')B(ﬁw')dE'd(ﬁw’), (4)  Fig. 3@] is seen to start saturating due to ASE only for
“p n devices longer than 6 mm, while the WL g4ittashed ling
where G;(E) is the normalized inhomogenouSaussiapn ~ Starts saturating already at a length of 2 mm. The GS gain
broadening function, anB(# w) is the homogeneous broad- réaches a high maximum gain of 45 dB. It is noteworthy that
ening function(Lorentzian. In the WL gain termp) is de- ~ the WL peak gain, despite the initially higher modal gain,
fined as in Eq(4) except thatG; is replaced by the homo- does not reach a small signal gain higher than the maximum

geneously broadened reduced density of states of theffL. achievable gain from the QD GS. FigurébB summarizes
is the WL Fermi function at the center energy of photonthe saturation characteristics, obtained when a continuous-

populationp, anday, is the differential gain. wave beam is injected at the center of the GS transition, by

ASE and signal propagation is included by sectioning ofPlotting t2383 dB saturation power at the inpmﬁ{deg dgﬂd
the amplifier and using a standard propagation equatiorPutput (Pg) of the amplifier versus device lengtRy," is
which accounts for the relation between gain and spontaneéseen to be above 20 dBm for nearly all lengths and reaches
ous emission. a high value of 25 dBm for intermediate lengths. Finally,

The specific device modeled here is similar to the ond™ig. 3(c) shows the noise figure\NF) calculated at the center
used in Ref. 6, i.e., InAs dots on a GaAs substrate with a®f the GS transition. The NF is seen to be below 4.5 dB for
InGaAs overgrowth layer and a sheet dot density of 4devices shorter than 6 mm, but increases rapidly as ASE
x 10 cm~2. The only difference is that the number of ac- Saturates the device. These predictions appear, in all respects,
tive layers increased from three to six and the modal gairsignificantly better than what is commonly reported for bulk
accordingly increased. The intradot relaxation time in this
device is short, on the order of 150 fs under high inversion 10 -

(Auger dominategand we use a phonon dominated capture —
time of 1 ps. Essential parameter values used in the simulacs o-
tions are shown in Table 1. For the results presented here, thg .
device is biased with 1 kA/cfp which gives rise to an in-  =. -10-
version as shown by the solid line in Fig(al (without the = 1
influence of ASE saturation and waveguide logsé&he % -20 +
maximum modal gain is 22 cnt for the GS, 36 cm? for © 1
the ES, and 150 cnt for the WL peak. The waveguide loss & -301
is assumed to be 2 cm, in accordance with experimental &
results® @ 40+
The output ASE spectral density from one facet is shown g ]
in Fig. 2 for three different device lengths. For the shortest < -50 .

device of 1 mm, the ASE spectrum resembles the gain spec
trum, with a dominating WL due to the high gain of this

level. However, for the longer devices of 4 mm and 7 mm,
the ASE spectrum is seen to move toward longer waver,g 2. spectral density of ASE for three different device lengths (

lengths and the intensity at the WL gradually decreases. As1 mm,L=4mm, andL=7 mm).
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splitting between levels should thus be significantly larger
, than the thermal energy in order to avoid ASE saturation
— 304 from higher levels influencing the active QD states.

17/ The high modal gain of the WL means that the small
signal gain of this layer increases much more rapidly with
length than the QD GS gain, as seen in Fig)3However,
the high gain also implies a large generation of ASE, which
rapidly decreases the inversion at this level and limits the
maximum gain to a value slightly smaller than the saturated
GS gain. Hence, if the AR coating of the device is good
enough to sustain the maximum gain of the QD @Sthis
case, 45 dB it will also be sufficient to avoid lasing from
the upper levels for long devices, because the presence of
ASE limits the gain of these upper levels. It is important to
note that a more complete model for the Mé.g., including
2 hole dynamicswould lead to a reduction of the maximum
achievable gain from the WL.

3 4 5 5 7 The large energy separation between the energy levels
Length [mm] means that the GS is almost completely inverted for all de-
FIG. 3. () Small signal gain at the center of the OD G5, WL (Gyy), vice lengths until the point where ASE saturation starts to

and maximum gain at any wavelengts {,), (b) 3 dB saturated output fjeplet_e the GS populgtic(raround 6 mm It i_S the high GS
power (P28 and input power P3%), and(c) NF at the center of the GS  inversion (corresponding to a population inversion factor,

transition. " Nsp, close to unity combined with the small waveguide
losses, which lead to the small NF. Good noise properties for
. o QD amplifiers were also predicted by Kometi al®
and QW devicesand suggest that long QD amplifiers could The NF shown in Fig. @) is seen to be below 3 dB for

offer significant advantages. . . o
Thegreason for the ir%proved performance is a Combina_short lengths, which simply reflects the fact that the gain is

tion of the low modal gain, low differential gain, and the very low (9 dB for L=1mm). We are thus not within the

large energy separation between GS, ES, and WL. The latt dgh gain gpproximatiolr(;, which i_s assumed when predicting
results in a system, which can, in many respects, be consid- lower limit of 3 dB. For devices longer than the satu-
ered as a three-level system similar to the EDFA. and théation length, the ASE saturation reduces the GS inversion
results shown here indeed more closely resemble t,he propéi_gnificantl_y. This IeaQs to a rapid inc_reas_e in the NF indicat-
ties of an EDFA than those of bulk and QW amplifiers. Next,mg that it is not feasible to operate in this regime.

we discuss the physical interpretations and consequences t%fe Tgrea:ﬁzreltrsvzrﬁ:n;igdn ;2';’ lstiart]tfé ?hbgslguzlr}é (rjgt)e'g \?gr
the main QD characteristics. P ' y y

The low modal gain of the GS results in a low rate of :N?]” kngwnmar;i?i trhere\zl a"reb(IJnI):hfe;N iexperrlnmenrt]al rrfsllélgs on
stimulated emission locally, even at high powers. Combined"9 Q ampliiiers avarabie, there Is some uncertainty as
sociated with the numerical values calculated. However, the

with the comparatively fast carrier capture and intradot re-

laxation, this means that limitations due to spectral holemechanlsms leading to the improved performance are quite

burning are avoided. Furthermore, the upper states of th%eneral, indicating that the results are not specific to one type

device (ES, WL, and barriepsact as a nearby reservoir of ?flf'(ﬁDd a_ll“ppllﬂer as .Iongtr?s a numk;;lardof kte?/ c|r|ter|a ?jrel
carriers, resulting in a low GS differential gain under high utiied. 10 summarize, these are. Moderalely low moda

inversion, which in turn leads to the high saturation power.gain’ low differential gain, a sufficiently high-energy separa-

The saturation power thus increases with current until théIon between energy levels of the QD and the W¢bmpa-

slower process of either carrier capture or intradot relaxatior:iable to the thermal energy or largeand small waveguide
becomes the limiting factor. In the present case, this occursSSes:

at a power level of 27 dBm, limited by capture. The high

saturation power allows the device to sustain a large amounta. Mecozzi and J. M. Wiesenfeld, Opt. Photonics Nel@s 36 (200D).

of ASE before the gain saturates. Hence, ASE saturation bez-M. Grundmann, Physica EAmsterdam 5, 167 (2000. '

comes important only for very long devices, enabling a high "R: H. Wang, A. Stintz, P. M. Varangis, T. C. Newell, H. Li, K. J. Malloy,

total gain of the devi and L. F. Lester, IEEE Photonics Technol. Lét8 767 (2001).

ota ga.m orthe eVICe'. . ~ “M. Sugawara, N. Hatori, T. Akiyama, Y. Nakata, and H. Ishikawa, Jpn. J.

An important factor in the slow saturation of the ampli-  Appl. Phys., Part 210, L488 (2002).

fier is the energy spacing between the GS and the high gaifiT. W. Berg, S. Bischoff, I. Magnusdottir, and J. Merk, IEEE Photonics

WL region. Without this separation, the strong and rapid e-lgeg(])r:ﬁl-vl\_/etlfgr?és;rl\(io?\ﬂj).Hvam £ Heinrichsdorf M-H. Mao. and D

de_pletl_on_(_)f the inversion in the WL would _affect the_ GS  Bimberg, IEEE J. Sel. Top Quantum Electrd 544 (2000.

gain significantly, causing a much more rapid saturation of’e. Desurvire and J. R. Simpson, J. Lightwave TechfioB35 (1989.

the gain with length. This latter effect is what would be ob- 8F. Klopf, R. Krebs, J. P. Reithmaier, and A. Forchel, IEEE Photonics

served if operating a bulk device close to the band edge9;e(I:(honrgtrli_estt.,lASrAZG;(cizs(oghematsu IEEE Photonics Technol. [3t89
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