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Theoretical Analysis of Gain and Threshold Current Density
for Long Wavelength GaAs Based Quantunm-Dot Lasers”
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Abgract : Quantum dot gain spectra based on harmonic oscillator model are calculated including and excluding excit-

ons. The effects of non-equilibrium distributions are considered at low temperatures. The variations of threshold cur-

rent density in a wide temperature range are analyzed and the negative characteristic temperature and oscillatory

characteristic temperature appearing in that temperature range are discussed. Al ,the improvement of quantum dot
lasers performance is investigated through vertical stacking and p-type doping and the optimal dot densty ,which
corresponds to minimal threshold current density ,is calculated.
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1 Introduction

For QDs lasers,gain characteristic is very im-
portant. It decides which and how many states par-
ticipate in lasng and how threshold current chan-
ges with temperature. In previous calculation ,carri-
ers were generally treated either as free ones” or
as excitons” . However ,free carriers and excitons
coexist al the time and neglecting either one may
result ininaccurate modeling. To address thisprob-
lem ,a model wasintroduced that included both free
carriers and excitons’® ,and with which the author
modeled To (characteristic temperature) oscillation
with cavity length. However ,that work did not ex-
plain the To oscillation of a given QDs laser with
temperature ,which was observed experimentally'"!
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and is much more meaningful. In this work ,we will
investigate the characteristics of gain and threshold
currents of long wavelength QDs lasers in a wide
temperature range. The effects of vertical stacking
and p-doping on threshold currents are a0 cons-
dered.

2 Harmonic oscillator model

To obtain QD energy levels,we employed the
harmonic oscillator model’™ | as is illustrated in
Fig. 1. This model takes into account QD’ s sze
variation and yields equally separated states. Ac-
cording to the model ,electron energy spectrum is
described as

h—k)e,n = T’DO ,e(nx + ny + 1) + mz,e(nz +_12-)
(1)
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where ny, ny ,and n, denote the quantum numbers
along x,y,and z directions,respectively ,and nx is
equivalent to n,. Fw ¢ isthe energy separation due
to lateral confinement and ¥ isthat due to verti-
cal confinement. The hole energy spectrum Hon
has a smilar form. For 1. 31 m QDs,the average
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sizeis as large as 30nm in diameter and 11nm in
height after covering'®
separations are 72meV and 11meV in conduction
and valence band, which fit experimenta data'”!
well. There exist 3 statesin conduction band and 6

in valence band.
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FHg.1 Schematic illustration of the bands structure and transition in a QD

3 Carrier distribution and model gain

At relatively high temperatures,carriersin dif-
ferent QDs can couple through thermal emission
into the wetting layer and the re-capture process.
This coupling will establish a quas- Fermi distribu-
tion and we call it equilibrium distribution here. At
low temperatures, however, thermal escape is
strongly suppressed and states population is only
determined by capture probability of different-szed
dots,and we call it norrequilibrium distribution.
Snce thermal emisson relies heavily on tempera
ture it is reasonable to assume a boundary temper-
ature Ts ,which separates these two cases. Based
on the calculation above, ks T will be smaller than
the hole energy separation when T < 130K ,s0 we
choose Ts =130K in this work.

The linear modal gain of QDs ensembleis giv-
enin Ref. [8] and it is commonly used in model-
ing. We modify it to adapt to the multiple-level sit-
uation as

3
e’H np i 2 2
N M M X

I ‘Z E | Mb| “ | Men|

G(E ,E)(fe(EB) - fe(E))L(E ,BDdE (2)
where My isthe bulk matrix element and Men iSthe

grow (B) =

wavef unction overlap. Si is the ith transtion de

generacy and N is the QDs layer number. f¢ ( E)
and fs ( E) denote electrons occupation probability
in conduction and valence band. Gaussan distribu-
tion G(E, E) represents inhomogeneous broade-
ning resulting from QDsinequality withd account-
ing for sze and shape fluctuation.

G(E,E) :_J;?_o X_—JE(E- E)? (3

The Lorentzian

__l_ rin
HEB S e e )

describes the effect of homogeneous broadening.

(4)

neo isthe QDS surface density and neisthe refrac
tive index.l / z denotes optical confinement factor
normalized by active layer thickness.

In the following calculation ,we choose Ni =2,
0 =20meV ,nep =3 x10°cm ? ,n =3 3,andlN/ z=
32x10°m *. Asfor Eq. (4) ,we replace it with a
d-function in the norrequilibrium case' and choose
IMin =6meV in the equilibrium case.

3.1 Non-equilibrium distribution ( T< Tg)

In this dtuation,it is a good approximation
that carriers fill from the lowest energy level in
each dot. Figure 2 shows the nonrequilibrium gain
spectrum. Asa result of this uniquefilling pattern,
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the first excited state (ES1) modal gain remains
minimum until the ground state (GS) saturates,

(33
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3.2 Equilibrium distribution ( T> Ts)

In this stuation,electrons’ densty relates to

QDs' surface density through
3

N = iZJ’zsinQDG(E,Ei)fe(E)dE (5)

According to the relation of ne =Ipefe( E)dE, elec

trons effective dendty of statesis
3
2npn 1 2
e = Siexp (- (E- B)) (6)
P Nz 110} iZ P ?

As Fig. 3 shows,with increasng o ,overlaps be
tween different states become stronger ,which will
prevent carriersfrom concentrating into certain en-
ergy positions™ and degrade device performance.
Therefore ,QDs with less sizefluctuationis crucial-
ly important. Moreover ,sncepe. is proportional to
noo ,higher neo is also desired.
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Fg.3 QDs dfective dendty of states versus different
sze fluctuations

Comparing Fig.4 with Fig.2 ,wefind that the
equilibrium saturated modal gain of each state is
much lower than its counterpart in the non-equilib-

12

and the sameistruefor ES2 and ES1. The GS sat-
urated modal gainis 12 2cm™* here.
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(a) Non-equilibrium modal gain at center energy; (b) Norrequilibrium modal gain versusinjection intensity

rium case. Thisis because lots of holes are emitted
into higher states in the equilibrium case and the
inverson factor fe(E) - fe(E) is reduced.
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Fig.4 Equilibrium modal gain at center energy
3.3 Excitons effect on gain spectrum

The above discusson is based on a free carri-
ers assumption. However ,excitons and free carri-
ersinfact exist in the QDs s multaneoudy. Because
of strong QDs confinement and strong Coulomb in-
teraction ,excitons have much larger wavef unction
overlaps. Moreover ,in contrast to separate electron
and hole quas-Fermi levels, we assume excitons
follow a uniform exciton Fermi level. These differ-
ences may have a remarkable influence on modal
gain. A model™® incorporating excitons influence
can be shown as

Orodad (E) = Gree (E) Nree + Gexciton ( E) Nexciton  (7)
1

eP() - (1+

(8)

xdton X

Nxgton = 1 - ﬁ)
kT
where nre and nedon denote the ratios of free carri-

ers and excitons. The binding energy B is chosen
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to be 20meV'? . According to this model , GS satu-
rated modal gain at 300K is 15 7cm™* ,much larger
than 5 2cm™* of the free carriers case. Due to de-
creased excitons ,threshold level will shift from GS
to ES when temperature increases.

For non-equilibrium case ,modal gainis affect-
ed by temperature smilarly. This makes threshold
current not completely independent of tempera
ture, differing from predictions for idea QDs la
Ssers.

4 Characterigics of threshold current
density

In the equilibrium regime ,QDs couple through
the wetting layer and the occupation of the wetting
layer makes states population temperature-depend-
ent. With risng temperature,more carriers will e
vaporate out of QDs. Therefore,we must include
the wetting layer influence when considering cur-
rent density.

=N
J If]i Tw Taoo

whereT v is the recombination time in the wetting
layer ,T oo is the average recombination time in

_q.x[ﬂu+ﬂlD_NaJ 9)
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Due to higher losses, shorter cavity corre
sponds to higher Jw ,but thisis much more evident
in the equilibrium regime. Also in this regime, To
changes not monotonoudy for the O 64mm and
0. 85mm lasers. Comparing Fig. 5(a) with Fig. 5
(b) ,wefind To changes when threshold level shifts

QDs, Na is the average carriers number per QD
and ny is carriers’ surface density in the wetting
layer ,which should be derived from steady-state
rate equation Ni is the injection efficiency.

For nonrequilibrium case,thermal coupling is
negligible ,and Equation(9) can be smplified as

(10)

Equations (11) and (12) describe the threshold
condition and threshold current’ s temperature de-
pendence respectively

Groc = fm(JF;) 0 (11)
Jinh = Joexp(T/ To) (12)

We chooseT w =2nsT oo =0. 5ns,andni =70 %,
the magnitude of which are widely used in model-
ing®. R=0. 31 is reflectivity of facets as cleaved

andai, =2cm™*

is after most recent experimental
results. Figure 5 (a) shows the calculated Ju for
QDs lasers with different cavity lengths. We find
Jwn changesonly dightly at low temperatures while
increases remarkably at high temperatures. The
whole trend agrees with experimental results®

very well.
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(@) To and Ji for QDs lasers with different cavity lengths; (b) GS differential modal gain at threshold

from GSlinear region to ESL linear region via GS
saturated region. For the 0 64mm laser ,this ap-
pears when temperature increases from 190 to
200K;for the O 85mm laser, this happens at a
higher temperature range of 230 255K. But for
the 1. 8mm one,such a trandtion does not appear
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up to 340K. Near GS saturated region, To decreases
from 63 to 34K for the 0. 64mm laser and from 86
to 48K for the 0. 85mm one. In ESL linear region,
To is 183K for the 0. 64mm laser and 227K for the
0. 85mm one ,which is much larger than that in GS
due to the higher differential gain of ES1. Such var-
iations will appear repeatedly if temperature fur-
ther increases and To will exhibit oscillation char-
acteristic. This phenomenon wasfirstly reportedin
Ref.[4]. Wefind it directly resultsfrom the excit-
ed states involvement.

At lower temperatures,Jw is rather insendtive
to temperature. For example, To is 677,813, and
1324K for the 0. 64,0 85,and 1 8mm lasers re-
spectively. Such high To agrees with experimental
results”! well. Around Te ,lasers undergo gradual
changes from non-equilibrium distribution to equi-
librium distribution and Jwu decreases during the
process. In Eq. (12) ,this corresponds to a negative
To ,as reported in Ref. [11].Based on our calcula
tion and analys s ,it can be explained by QDs equal
occupation probability in the non-equilibrium re-

gime, where carriers favor no particular energy,
making saturated modal gain lower than that at
temperaturesimmediately above Ts.

5 Improvement of QDs laser’ s per-
formance

According to the above discusson ,higher mo-
dal gain is desired for improving To and lowering
Ju. p-type doping”*® and vertical stacking'™ ,for
instance ,arefeasble. Theformer measure increases
GSinverson factor through enhancing GS hole oc-
cupation probability ,while the latter increases the
dot dendty in the active region. The results of
these two approaches are shown in Fig. 6 (a) for
the 0. 85mm laser. Due to the increased modal
gain, To increases to 124K and 145K by stacking 4
and 8 layers respectively. Through doping 30 ac
ceptors per dot , Jin reduces to be the lowest and
Jin’ S temperature stability is also ameliorated. For
all the cases,the shift of threshold level from GSto
ES1 is avoided.

ISOL  2layers S ry— 160 IS hweeis e ey w ) 130
o 160F L a N N = ~ 145} i .
ET Lol “timen 5T 250 7 e gk fa02% BT 120 o £
501 £5 - d current .‘Qt 5 5 135 2:
S < 120F % & 2001 ity at 77K 85 2<ost 41110 5 g
E{/ %‘\" =+ I in the gropd state 1120 g = Y 8B
£ 2 100} £ 2 150 /lincar rlon g8 £Z2ust s 100 5 8
172} - i w = (72 =0.83>mm =
éé 8o} ég':%g;mw‘o‘? E‘g; woh J100S E é’g 105k lgg CE
= * Lin a =
po Pl U ) L O ospy T TN
40220 240 260 280 300 320 T 6 1012 05 10 15 20 25 30
Temperature/K Number of layers Average acceptors per dot

Fig.6

However , because more QDs have to be
pumped at the same time,carriers per dot are re
duced , Ju will not necessarily decrease with more
QDs layers. It is the competition outcome between
carriers number per dot and QDs number that de-
cides whether Jw increases or decreases. Seeing
from Fig.6(a) ,athough Jw of the 4-layer structure
remains smaller than that of the 2-layer onein the
whole temperature range concerned, Jin of the 8
layer structureislarger than that of the 2-layer one
below 240K. Figure 6(b) showsthe relation of Jiw ,

(a) Variationsof To and Ji ;(b) Influence of vertical stacking;(c) Influence of p-doping

To ,and N, at two typical temperature points. At
300K ,Jin declines as N increases from 2 to 4 ,but
with still larger Ni,Jw begins to rise instead. At
77K ;however ,Jw increases sharply with increasing
layer. In GS linear region, To improves evidently
from 86K of 2 layers to 124K of 4 layers,but the
improvement becomes much dower afterwards.
Figure 6 (c) illustrates the influence of acceptors
doped in the active region. Because p-doping does
not increase QDs number , Juw will absolutely de-
crease. Thisis different from vertical stacking. Ob-
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vioudy ,when acceptors increase from 10 to 15 per
QD ,the threshold level shiftsto GSfrom ESL. For
To ,it keeps risng steadily from 86K of undoped
case to 108K of 30 acceptors case.

However ,we must be aware of the concomi-
tant negative effects. For example, stacking too
many layers will spatially separate electrons and
holes ,Jowering the direct recombination efficiency.
Also ,large amounts of acceptors will degrade the
injection efficiency and increase the interna los
ses’!. Therefore,in QDs laser design,all factors
must be caref ully balanced.

Figure 7 exhibits the relationship between Jin
and ngo. Undoubtedly ,higher noo makes threshold
condition easer to be met by GS,as is manifested
in Eq. (2). For instance,when N =2, nop has to
surpass 4 x 10*°cm™? ,while for Ni = 4,this value

reduces to 2 x 10°cm"?

. However ,there exists op-
timal neo corregponding to minimal Jw. Further in-
creasng neo above this value continues to decrease
carriersin a single dot but will lead to larger Jw.
The reason for this characteristic is Smilar to the

vertical stacking case.

450
= N=2 T=300K
-e-N=4 [=0.85mm
350F -+ N=6
- N=8
- N=10

250F

150 8

YT 2 3 45 6 7 8 9101
QDs surface density/10'%cm?

Threshold current density/(A - cm’2)

Fig.7 Jw versus nop as N; increasesfrom 2 to 12

6 Conclusion

Gain spectrum strongly relies on temperature
in the equilibrium regime. Deeply affected by this
dependence, To oscillates when temperature increa-
ses. Between non-equilibrium regime and equilibri-
um regime, To iS negative ,which results from the
different carrier distributions.

The existence of excited states may lead to
many negative effects on QDs lasers performance.
Through vertical stacking and p-type doping,we
can limit the excited statesinfluence ,realize GSop-
eration ,increase To ,and lower J.
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