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Influence of microcavity effect on modulation response in 1.3 pum
quantum dot photonic crystal nanocavity lasers

XING En-Bo'?*, RONG Jia-Min"*>, TONG Cun-Zhu'*, TIAN Si-Cong',
WANG Li-Jie', SHU Shi-Li', WANG Li-Jun'

(1. State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China;
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Abstract: It had been proposed that the microcavity effect could enhance the spontaneous emission rate and hence
dramatically increase the modulation speed. However, the work in this paper reveals that the situation might not be
completely correct for the 1.3 wm GaAs based quantum dot (QD) photonics crystal (PhC) nanolasers due to the
complex carrier dynamics and close hole levels. Based on the all-pathway rate equation model considering the carrier
relaxation dynamics, the influences of quality (Q) factor of cavity on the threshold and modulation responses of 1.3
pm QD PhC nanolasers were studied. It is found that the high Q factor can improve significantly the threshold of QD
PhC nanolasers, but it also increases the photon lifetime and deteriorates the modulation bandwidth. Hence there ex-
ists an optimized Q factor ( ~2500) for the nanolaser with a modulation bandwidth exceeding 100 GHz. For the en-
ergy consumption, the best value corresponds to a Q factor of ~7 000. So an overall consideration is preferable in

designing PhC nanocavity for both high speed and low energy consumption operation of QD lasers.
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terest owing to the lower power consumption compared

Introduction with the traditional electrical connectivity in recent

years. |'"*! Two-dimensional ( 2D )  photonic-crystal

Optical interconnects have attracted considerable in- (PhC) laser is recognized as one of these ideal candi-
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dates because of its low threshold current'®’

[7-8

, high speed
modulation'"®! and low power consumption. >*’ Moreo-
ver, PhC laser might also be the most promising architec-
ture for nanoscale integration. "'’ Theoretical and experi-
mental investigations have demonstrated that nanocavity
can lead to much higher modulation speed than the edge-
emitting or vertical-cavity surface-emitting lasers ( VC-
SELs). """} Exceeding 100 GHz modulation quantum
well (QW) PhC lasers had been reported , ") and a large-
signal modulation of 30 GHz was achieved in quantum dot
(QD) PhC lasers'"'. Compared with QW PhC lasers, the
PhC nanolasers embedded QDs as gain material show low-
er threshold'®’ due to the three-dimensional carrier con-
finement, low surface recombination rate and the discrete
energy levels. Recently 1.3 pm InAs-GaAs QD lasers
have made significant progresses''” | which lead to the
potential possibility of 1.3 wm QD PhC nanocavity lasers
for the high speed optical interconnects with long dis-
tance. ") Intrinsically, the introducing of nanocavity in
1.3 pm InAs-GaAs QDs will also be helpful for overco-
ming the bandwidth limitation due to the close space of
hole levels and broadening the realistic applications.

However, there is no clearly physical insight deep
into the complex carrier dynamics in 1.3 pum InAs-GaAs
QDs and the microcavity effect in the QD PhC nanocvity
up to now. The results are also possible to be used in the
inverse direction to the predication. For QD PhC nanocvi-
ty lasers, Purcell effect lowers the threshold through high
spontaneous emission ( SE) coupling factor (8), in the
meantime , the modulation response is improved by enhan-
cing the SE rate of QDs. High Purcell factor comes from
the combination of small mode volume V,, and high quality
factor (Q). However at the same time, the increase in
the cavity photon lifetime ¢, will limit the modulation re-
sponse. The ultrahigh speed modulation response in nano-
cavity have been theoretically demonstrated based on rate
equations'>*' | but some important physical processes
are ignored in these models due to the oversimplified rate
equation model or the nanocavity effect without rigorous
treatment. Therefore, it is significant to completely inves-
tigate carrier dynamics and modulation response in 1.3
pm QD PhC nanolaser. In addition, it is beneficial to de-
sign and fabricate PhC nanolasers with high speed low en-
ergy consumption in experiments, and is also meaningful
to the development of microcavity lasers.

In this paper, a self-consistent all-pathway QD rate
equation model*'" was used to analyze the carrier dynam-
ics and modulation response of 1.3 pwm InAs/GaAs QD
PhC nanolasers, in which the influences of () on SE rate,
B factor, and the cavity photon lifetime were taken into
account. The phonon-assisted relaxation, Auger-assisted
relaxation, and the close spacing of holes levels features
were directly introduced into calculations. The carrier
occupation probabilities in QD energy levels and the
threshold current density are shown at different (), mean-
while, the influences of @ on the modulation response
and energy consumption were also investigated.

1 Modeling

1.1 Carrier dynamics and all-pathway rate equa-
tion of 1.3 pm QD lasers

Fig.1 Schematic diagram of (a) PhC nanocavity, and (b)
all-pathway carrier relaxation in a 1.3 pm InAs/GaAs QD

1 (a) e riikgimER, (b)1.3 um InAs/GaAs &1
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As shown in Fig. 1 (a), one QD active layer is
embedded in the middle of the membrane and an L3
nanocaivty formed by removing three holes in a line is in-
troduced. The parameters used here include a lattice
constant @ of 350 nm and a slab thickness of 210 nm.
The radius of the air hole is 0.3a. In the 1.3 pm InAs/
GaAs QD system, ! there exists multi-levels for the
holes, electrons, and also multiple possible relaxation
pathways for carriers from the wetting layer (WL) to QD
levels. The models based on the level-by-level relaxation
are not applicable'?’. All-pathway QD rate equation
model considers all the possible relaxation pathways and
also the carrier transport dynamics in the barrier, it can
reflect the realistic characteristics of 1.3 wm InAs/GaAs
QD lasers*'!. Figure 1(b) shows that carriers injected
into the barrier are able to relax to the ground state of
QDs by releasing the energy to phonons or via the carrier-
carrier scattering ( Auger-assisted relaxation). The latter
is proportional to the two dimensional carrier density and
plays an important role at high injected current. Hence,
the relaxation rates can be written as:

R;(i #j) = A; + C;N, , (1)
where subscripts 1, j =0, 1, 2, w represent the ground
state, the first excited state, the second excited state,
and the lowest energy level in WL or cap layer (CL),
respectively. A, is the phonon-assisted relaxation rate
and C; is Auger-assisted relaxation coefficient from i, to
Juw- N, is the carrier density in the WL or CL. Corre-
spondingly, the carrier escape rates in the intra-band can
be expressed as follows when the WL energy band is be-

low the quasi-Fermi level ' |

3 )
Es,(i <j) = —fexp(_ E, )Rij . (2)

P, k,T
and from QD levels to the WL (CL) is
& E,
Es,, = —ex ( S )Rwi " 3
Y 2pp P k,T 3)

where p; is the degeneracy of QD levels, p is the surface
density of QDs. E, is the energy separation between dif-
ferent QD levels and E,, is the energy separation between
WL and every energy levels in QDs. k, and T correspond
to the Boltzmann’ s constant and temperature. g, de-
scribes the carrier concentration in the WL ( CL). The
carrier relaxation dynamics in 1.3 pm InAs/GaAs (QDs
can be described in above three equations. The detailed
rate equations are listed in Appendix A, and more de-
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scription on this model can be found in Ref. 21.
1.2 SE and microcavity effect in QD PhC nanocav-
ity

SE factor B is defined as the ratio of the SE coupled
into the lasing mode over the total SE. In conventional
lasers, B is typically the order of 10°, while 8 can reach
0.22 and even higher in QD PhC nanocavity lasers. ****/
The contribution of SE coupling into cavity should not be
neglected. Based on the all-pathway QD model, an e-
quation describing the photon number is modified as be-
low ;
8 _ v DS S S th) )
dt = 1 +Sle,/V, t, to ’
where v,, t,, t,, S, and V), are the group velocity, SE

lifetime, photon lifetime, the area of active region and
the volume of all QDs in the active region, respectively.
Surface density of QDs p is selected as 3 x 10" ¢m™ in
this simulation. It means about several hundred QDs in
the nanocavity. f,, and f;, are electron and hole occupa-
tion probability, respectively, at the ground state. The
maximum modal gain g, is described using the equation
in Ref. 25. The third term on the right of Eq. 4 repre-
sents the number of SE coupled into the cavity mode. &,

is the nonlinear gain coefficient, ™’ and the optical con-
finement factor I is selected as 0. 01 according to the ex-
perimental results. '*) The corresponding definitions and
values of above parameters are listed in Table 1.

For a single QD emitter, 8 can be approximately ex-
pressed as B=1-(1,/1,) ,"*" where 1, is the lifetime for
off-resonant QD, which is longer than the intrinsic value
due to the photonic band gap effect. The value of B ~
0.97 can be reached for single QD at low tempera-
ture. ' However, in the multi-QD system, the spectral
width of the cavity mode is much smaller than the inho-
mogeneous broadening of QDs. It means that the lasing
mode is supported by the QDs only, spatially in the cavity
and spectrally overlap. Hence a factor is required to a-
mend B, which is approximately expressed as the ratio of
inhomogeneous broadening of single QD and multi-QDs.
In our simulation, the inhomogeneous broadening of the
ground state at 300 K is ~35 meV for multi-QDs and ~
10 meV 7! for single QD. ¢, is selected as 3 ns. Hence
the SE coupling factor 8 can be modified as 8=~0.29[ 1-
(t4/ty)]. The calculated value of 8 is in the range of 0.
2 ~0.29, which is in agreement with the experiment re-
sults. °+ 2

The SE lifetime (¢, ) is shortened in nanocavity and

2
can be expressed as ;>

tfo = Fcav( E(rA),L )2 1
‘Emax ‘M‘

2 + FPhC

Lo 2( A
T l 4 _—
+ Q (A('HV 1)
, (5)
where ¢, is the SE lifetime in bulk material. A, is the
E 2
wavelength  of cavity mode. (("A)ﬂ) and
E,. ||
1/\ 5 represent the spatial and spectral
1 +4Q° ( -l

mismatch between the emitter dipole and the cavity, re-

spectively. The second term F,. describes a decay chan-

nel due to SE coupling into quasi-photonic band gap. '

F . is the Purcell factor and can be written as

3 )‘::av Q
Fu = i . (©)
where V is the cavity-mode volume and n; is the refrac-
tive index of materials in nanocavity.
1.3 Small-signal analysis
Based on the all-pathway rate equations, the small-
signal current injection with modulation angular frequen-
cy of wis J=J, + AJexp(jwt). The corresponding signal
response is S =S, + AS exp(jwt). Here S, is the photon
number in the cavity at steady state with J,. AJ is the
modulation amplitude. Subsequently, the carriers in bar-
rier can be described as Eq. (7). Equations (8-11) re-
present the carrier occupation probabilities in WL (or
CL), the ground state, first exited state, and second ex-
cited state in the QDs, respectively.
Ny = Ny + ANy exp(jot) , (1)
fv = fwo + Ay exp(jot) , (8)
Jo = Joo + Bfy exp(jor) , (9)
Ji =S + A exp(jor) ,  (10)
fa = fo + A exp(jor) . (1)
Equations. (7-11) are substituted into Eqgs. ( Al-
A5) shown in Appendix A to obtain the modulation re-
sponse function, which is described as Eq. (12). Here
the subscripts e and h represent electron and hole, re-

spectively. The other corresponding parameters are
shown in Appendix B.

AS
M(w) = qw =

Vg8 max Sy BpipS,
ZbmaxZ0 | PO
1 +&$, Lo
‘jw _ VeBma (fo +fio = 1) 1 N Uy 8 max (fo tfiw = 1) ( L . Y, ) ‘
1 +e&S, t 2popS, (1 +&Sy) \F " F,
(12)

‘X‘, X
Frr

h

P

2 Results and discussion

The enhanced @ factor in PhC nanocavity will affect
the carrier dynamics and hence the modulation perform-
ance, one of the important influences is on the carrier oc-
cupation probabilities of QD levels, which are calculated
and shown in Fig. 2 for electrons f;, (solid symbols) and
holes f;, (hollow symbols) as functions of injected current
density at 300 K. Here Q factors are selected as 2000
(squares ) , 5000 ( circles) and 10000 ( upper trian-
gles) , respectively. It can be seen that f;, shows much
higher occupation probabilities than f,, at the same cur-
rent density, which can be attributed to the close energy
spacing of the hole levels. ") The increase in Q factor in
nanocavity results in the decrease in occupation probabil-
ities of QDs, since a high @ corresponds to a high SE
rate and thus a short time of the carrier staying at ground
state. For high injected current density, the effect of Q
factor on electrons is relatively smaller than that of holes
meaning that the modulation of ( factor on carrier dy-
namics is determined more by holes under the condition
of high injected current.

The influence of ) on the threshold current density
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Fig.2 Occupation probabilities for electrons f;, ( solid sym-
bols) and holes f;, (hollow symbols) as functions of injected
current density at 300 K for different O

K2 R 300 K, L3~ (B2 A5 ) Az X (25 04T
Z) B SR ILRREE O A L

P>,

Fig.3 The influence of Q on the threshold current densi-
ty J, at 300 K. The inset shows ¢, and 7, as functions of
Q factor

3 1E 300 K, Q {EX T B F FL AL 2 R #5200 A
5 O X T 100 1, BB

(J,,) at 300 K is shown in Fig. 3 with Q value from
2000 to 10000. In the calculation, the threshold condi-
tion is defined as the cavity photon number S =1 by sol-
ving Eq. (4) "/, Tt can be seen that J,
ally with the increase of (), and then tends to vary gen-
tly. The minimum J,, of 4.8 A/cm’ can be obtained for
the Q) value of 10000, which is only about one-third of
that under the condition of ) ~2000. In the nanocavity
with high Purcell factor, the threshold is reduced through
suppression of SE into non-lasing modes, '’ meanwhile
higher SE factor means shorter SE lifetime. The other
contribution to the improvement of threshold is the low
cavity leakage-rate of photon, which is inversely propor-
tional to the photon lifetime and is able to be expressed
as 1/t,. To understand the mechanism behind, the cal-

reduces gradu-

culated SE lifetime at ground state ¢, and photon lifetime
t, are plotted in the inset of Fig. 3. ¢, shows a linear de-
pendence on the Q factor, while SE lifetime ¢, decreases
with the increase of () factor, which is similar to the
trend of threshold affected by Q factor.

To disclose the influence of injected current density
(J) on the modulation characteristics of 1.3 wm InAs/

Fig.4 Calculated modulation response of 1.3 wm QD lasers for
different injected current density with Q =2000 and Q =7000
K4 Q1{E535 2000 F17000 B, 1.3 wm &5 s BOL a8
IR L ECREWANCER TR R I DS

GaAs QD nanocavity lasers, the modulation response as
function of J for () ~2000 and Q ~ 7000 at 300 K were
calculated and shown in Fig. 4. The selection of relaxa-
tion parameters in calculation was according to the exper-
imental and theoretical results in a real QD system. "
Only the intrinsic modulation response was considered.
The effect from the resistance and capacity of devices is
not the main topic of this work. It shows that the nonzero
resonance frequencies increase and the resonances
quench with the increase in injected current. It is attrib-
uted to the increase in damping factor which increases in
proportion to resonance frequency under high injected
current level. The nanocavity laser with () ~2000 reveals
a higher bandwidth than that of ¢ ~7000, and the maxi-
mum modulation bandwidth of @ ~ 2000 exceeds 100
GHz from Fig. 4(a). This dependence is also in agree-
ment with the analysis in Ref. 8. The behind mechanism
can be attributed to the dramatic decrease in SE lifetime
and increase in photon lifetime, which determine the
bandwidth. High Q can reduce SE lifetime and thus lead
to high modulation bandwidth, but as () continues to in-
crease, the increase in photon lifetime will restrict the
modulation bandwidth. The opposite dependences of SE
lifetime and photon lifetime on () factor have been shown
in the inset of Fig. 3. Therefore, a high ( cavity has a
reduced modulation bandwidth, which is mainly limited
by photon lifetime and the saturation of SE rate. In addi-
tion, the modulation bandwidth for high Q factor is much
higher than that of the macroscopic 1.3 um InAs-GaAs
QD edge-emitting lasers. """ **) This might originates from
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the microcavity effect in the simulated QD lasers.

Comparing with 3 dB bandwidth, the other impor-
tant parameter for the realistic application is the energy
consumption per bit transmitted in the optical intercon-
nection. The modulation bandwidth of a few hundred
GHz can be obtained in low () cavity, while the large J,,
will lead to high energy consumption. It means that there
exists an optimized Q factor for high speed and low inter-
connect energy consumption. The accurate energy con-
sumption per bit is not able to be calculated due to that
the voltage information is absent in our model. So we use
3 dB,,../J,... to approximately reflect the energy consump-
tion. Figure 5 shows that the maximum value of 3 dB"llx
J... as a function of  factor is about 2.6 GHz/Acm™ at
Q of 7000. For low Q value, 3 dB,,/J,..
ited by high injected current density because that the
maximum 3 dB bandwidth is realized at more than ten
times J,,. When (Q continues to increase, J, decreases
and the maximum bandwidth occurs at a few times J,,, so
the corresponding 3 dB,, /J,.. increases. When Q is
higher than 7000, the 3 dB,,/J,. decreases slowly,
which can be attributed to the reduced modulation band-
width, as shown in the inset of Fig. 5. The inset shows
that the highest bandwidth ~ 120 GHz can be realized at
a () factor around 2500. After that, it reduces and is a-
bout 66 GHz at  factor ~7000. Of course, these values
in the realistic devices will be also dependent on the de-
tailed device characteristics, such as QD density, inho-
mogeneous broadening, series resistance, and capaci-
tance, etc.

is mainly lim-

Table 1 Parameters used in the rate equations
F1 EEREXFEPEANSH

Symbol Meaning Value

SE lifetime in the barrier, WL, the first excit-
ri

. ed state and the second excited state of QDs, 1 ns
(i=B,w,1,2)

respectively.

Carrier transport time from cladding layer to

Ref. [21
the nearest WL(CL). of. [21]

Uhy

Carrier escape time from WL(CL) to the GaAs  1.12 ps(electron)

t

ewb

barrier. 0.35 ps(hole) at 300 K
b the thickness of the GaAs barrier 10 nm
s Carrier occupation probability in the barrier,
. ' WL, the first excited state and second excited
(i=B,w,1,2) state of QDs, respectively
p Parameter describing the carrier concentratior5. 13 x 10'> m?(electron)
in the WL(CL) 3.56 x10'® m? (hole)
LA Group velocity 8.8 x107 m/s
p QD density 3 %100 ¢cm?
Electronic charge 1.6 10 C
h Planck’s constant 6.626 x 1074 Js
mg Rest mass of electron 9.1x103! Ke
2 Absolute permittivity in vacuum 8.854 x 1072 F/m
kg Boltzmann’ s constant 1.38 x 102 J/K

3 Conclusion

In summary, we have investigated the modulation
responses of 1.3 um InAs/GaAs QD PhC nanolasers u-

Fig.5 3 dB,,/J (GHz/A cm”) as a function of Q at 300 K,
the inset shows 3 dB . at different Q factor

A5 6 300 K L3 dB,,/J (GHz/A em™) B O fHI7E

e A6y 3 dB,,,, b O fH AR LI R

sing self-consistent all-pathway QD rate equation model.
It is shown that the high @ factor can improve significant-
ly the threshold of QD PhC nanolasers, but it will also
increase the photon lifetime and deteriorate the modula-
tion performance. Although SE lifetime is improved with
the increase in () factor and hence benefit for bandwidth,
this effect tends to saturate for high ( factor. Hence
there exists an optimized ( factor ( ~ 2500) for the
nanolaser with a modulation bandwidth exceeding 100
GHz. For the energy consumption per bit, the best value
occurs at ) factor ~7000, and the corresponding band-
width is about 66 GHz. Our results are benefit for the de-
velopment of high speed low energy consumption QD
nanocavity lasers.
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Appendix A:. Rate equations
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