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We show that the internal optical loss, which increases with free-carrier density in the waveguide

region, considerably reduces the modulation bandwidth x�3 dB of a quantum dot laser. At a certain

optimum value jopt
0 of the dc component of the injection current density, the maximum bandwidth

xmax
�3 dB is attained and the modulation response function becomes as flat as possible. With internal

loss cross-section rint increasing and approaching its maximum tolerable value, xmax
�3 dB decreases

and becomes zero. As with jopt
0 , there also exists the optimum cavity length, at which x�3 dB is

highest; the larger is rint, the longer is the optimum cavity. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3697683]

The optical output in edge-emitting semiconductor

lasers is provided by photons leaving the cavity through its

mirrors. In addition to this useful output loss, there is also

parasitic loss of photons, which occurs within the laser cavity

and, for this reason, is termed internal optical loss. There can

be several mechanisms for internal loss,1–6 such as free-

carrier absorption, intervalence band absorption, and scatter-

ing at rough surfaces. While there have been studies of the

effect of internal loss on the threshold and power characteris-

tics of semiconductor lasers with a quantum-confined active

region and, particularly, quantum dot (QD) lasers,7–9 no con-

sideration of the dynamic properties of QD lasers in the pres-

ence of internal loss has been given so far. In this work, we

study the modulation response of a QD laser taking into

account the carrier-density-dependent internal loss in the

optical confinement layer (OCL). To mainly focus on the

effect of internal loss, we do not consider here some other

factors, among them the carrier capture delay from the OCL

into QDs,10 which also affect the modulation bandwidth of a

laser.

To consider a direct modulation of the laser output by

alternating current (ac), we use the small-signal analysis11–17

and hence we assume that the ac component dj of the injec-

tion current density is small. For small variations d… of the

corresponding quantities (around their steady-state values)

caused by dj, we have the following rate equations:

@

@t
ðdnÞ ¼ dj

eb
� dRnon�stim � dRstim; (1)

@

@t
ðdnphÞ ¼ dRstim � dRloss; (2)

where n¼ nactþ nOCL, nact and nOCL are the carrier densities

in the active region and OCL, respectively, nph is the photon

density (per unit volume of the OCL) in the lasing mode, e
is the electron charge, b is the thickness of the OCL, and

Rnon–stim is the rate of the processes of non-stimulated recom-

bination of carriers in the active region and OCL.

In Eqs. (1) and (2), the rate of stimulated recombination

of carriers, which is the same as the rate of stimulated emis-

sion of photons, is

Rstim ¼ vggnph; (3)

where vg is the group velocity of light and g is the modal

gain of the laser.

The photon loss rate in Eq. (2) is the sum of the useful

output (mirror) and parasitic (internal) loss rates,

Rloss ¼ vgðbþ aintÞnph; (4)

where b¼ (1/L) ln(1/R) is the mirror loss coefficient, L is the

cavity length, and R is the mirror reflectivity.

In the general case, the internal loss coefficient can be

presented as7–9

aint ¼ a0 þ rintnOCL; (5)

where the constant component a0 accounts for scattering at

rough surfaces and free-carrier absorption in the cladding

layers, and the component rintnOCL describes free-carrier and

intervalence band absorption in the OCL with rint being the

effective cross-section for these absorption loss processes.

As seen from Eq. (5), aint will vary with time through

such variation in the free-carrier density nOCL caused by the

ac current. Hence, as seen from Eqs. (4) and (5), the tempo-

ral variation of the photon loss rate will be due to such varia-

tion of not only the photon density nph but nOCL as well.

Considering a time-harmonic ac injection current den-

sity, dj¼ djm exp(ixt), we find from Eqs. (1) and (2) the

frequency-dependent amplitude dnph–m(x) of the time-

harmonic photonic density and then the modulation response

function H(x),

HðxÞ ¼ dnph�mðxÞ
dnph�mð0Þ

����
����
2

¼ x4
0

ðx2 � x2
0Þ

2 þ 4C2
decx

2
: (6)
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While the shape of H(x) depends strongly on the inter-

nal loss (Fig. 1), as a function of the frequency x of direct

modulation and parameters Cdec and x0, expression (6) is the

same as for the case of no internal loss.18

The decay rate of relaxation oscillations is given by

Cdec ¼
1

2

1

sdif
non�stim

þ vgGdifnph;0

�
;

�
(7)

where sdif
non�stim ¼ ð@Rnon�stim;0=@n0Þ�1

is the effective differ-

ential non-stimulated recombination time, Gdif ¼ @g0=@n0 is

the effective differential gain, g0¼ gmax (2fn,0 � 1) is the

modal gain, gmax is the maximum value of the modal gain,

and fn,0 is the confined-carrier level occupancy in a QD.

Except for a0 and x0, “0” in the subscripts of all the other

quantities denotes their steady-state values.

In terms of the quantities sdif
non�stim, Gdif, and nph,0,

expression (7) is also the same as for the case of no internal

loss.18 Each of these quantities is, however, affected by the

internal loss.

For x0 entering into Eq. (6), we have

x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vgGdifnph;0

1

sph;0

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� @aint;0

@g0

s
; (8)

where sph,0 is the photon lifetime in the cavity,

sph;0 ¼
1

vgðbþ aint;0Þ
¼ 1

vgðbþ a0 þ rintnOCL;0Þ
: (9)

Due to the internal loss, sph,0 depends on the free-carrier den-

sity nOCL,0 in the OCL.

For the modulation bandwidth, which is defined as the

�3 dB bandwidth [10 log10 H(x�3 dB)¼�3, see Fig. 1], we

derived

x�3 dB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x4
peak þ ðr � 1Þx4

0

q
þ x2

peak

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2

0 � 2C2
decÞ

2 þ ðr � 1Þx4
0

q
þ ðx2

0 � 2C2
decÞ

r
;

(10)

where r¼ 100.3 � 1.995 and

xpeak ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

0 � 2C2
dec

q
: (11)

The steady-state photon density nph,0, entering into

Eqs. (7) and (8), is a function of the dc component j0 of the

injection current density (the relationship between nph,0 and

j0 is given by the light-current characteristic). Consequently,

all the quantities Cdec, x0, xpeak, x�3 dB, and the response

function H(x) depend on j0 as well.

When H(x) has a peak (which occurs only for a certain

range of values of the dc component j0 of the injection current

density), Eq. (11) presents the frequency of the peak. Equation

(10) for x�3 dB holds also for those j0 at which there is no

peak in H(x) – in that case too, xpeak is formally given by Eq.

(11) but the difference x2
0 � 2C2

dec in Eq. (11) is negative.

With increasing j0 above the threshold current density jth,
the modulation bandwidth increases from zero, approaches its

maximum value xmax
�3 dB (marked by the symbol “x” in Fig. 2)

at a certain optimum dc current density jopt
0 , then decreases

and will asymptotically approach its saturation value. At

j0 ¼ jopt
0 , when the maximum bandwidth xmax

�3 dB is attained,

the peak of the response function occurs at xpeak¼ 0 and the

response function becomes as flat as possible (Fig. 1).

Analyzing Eq. (10) for x�3 dB as a function of j0, we

obtained the following expression for xmax
�3 dB:

xmax
�3 dB �

ffiffiffi
2
p

sph;0
1� @aint;0

@g0

� �
¼

ffiffiffi
2
p

sph;0
1� rintn1

2gmaxð1� fn;0Þ2

" #
;

(12)

where we used Eq. (5) for aint and the equation nOCL

¼ n1fn=ð1� fnÞ (Eq. (3) of Ref. 19) relating the free-carrier

FIG. 1. Modulation response function at different values of the internal loss

cross-section rint. For our calculations, room-temperature operation of a

GaInAsP structure of Ref. 20 with a single layer of QDs lasing near 1.55 lm

is considered; 10% QD-size fluctuations are assumed; gmax¼ 29.52 cm�1.

a0¼ 0 and L¼ 1.139 mm. For all the three curves, the dc component of the

injection current density j0¼ 64 kA/cm2; for the case of no internal loss, this

value of j0 is equal to jopt
0 and that is why the response function is flattest.

The inset shows the flattest response function given by Eq. (15) vs. normal-

ized modulation frequency x=xmax
�3 dB; using this universal dependence and

Eq. (12) for xmax
�3 dB, the flattest response function at a non-zero rint can be

easily plotted.

FIG. 2. Modulation bandwidth x�3 dB=2p vs. excess of the dc component of

the injection current density over the threshold current density at different

values of rint. a0¼ 3 cm�1 and L¼ 1.139 mm. The “x” symbol marks the

maximum point (jopt
0 , xmax

�3 dB) on each curve.

131106-2 Wu, Suris, and Asryan Appl. Phys. Lett. 100, 131106 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.173.125.76 On: Tue, 01 Apr 2014 19:03:57



density in the OCL nOCL to the confined-carrier level occu-

pancy in a QD fn. The quantity n1 ¼ NOCL
c expð�En=TÞ char-

acterizes the intensity of thermally excited escape of

carriers from a QD to the OCL, NOCL
c is the effective density

of states in the OCL, En is the carrier excitation energy from

a QD, and T is the temperature (in units of energy).

Due to the free-carrier-density-dependent internal loss,

the confined-carrier level occupancy in a QD fn,0 entering

into Eq. (12) is itself a function of rint. In Ref. 7, the follow-

ing expression was derived for fn,0 from the steady-state las-

ing condition (equality of the gain to the total loss):

fn;0 ¼
1

4
3þ bþ a0 � rintn1

gmax

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

16
3þ bþ a0 � rintn1

gmax

� �2

� 1

2
1þ bþ a0

gmax

� �s
:

(13)

Fig. 3 shows xmax
�3 dB=2p vs. rint. As seen from Eq. (12),

Fig. 3 and also Fig. 2, xmax
�3 dB is highest for the case of no

free-carrier-density-dependent internal loss (rint¼ 0). With

rint increasing and approaching a certain maximum tolerable

value rmax
int , xmax

�3 dB decreases and becomes zero. Using

Eq. (13) for fn,0 in Eq. (12) for xmax
�3 dB and equalizing the lat-

ter to zero, we obtain the following expression for the critical

tolerable cross-section of internal loss (see also Ref. 19):

rmax
int ¼

� ffiffiffiffiffiffiffiffiffiffiffi
2gmax
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bþ a0 þ gmax

p �2

n1

: (14)

For rint > rmax
int , the lasing is not attainable in the structure

and, naturally, no direct modulation is possible.

While xmax
�3 dB depends strongly on rint, the flattest

response function (the response function at j0 ¼ jopt
0 ) is uni-

versal in terms of the normalized modulation frequency

x=xmax
�3 dB (the inset in Fig. 1),

Hflattestðx=xmax
�3 dBÞ ¼

1

1þ ðx=xmax
�3 dBÞ

4
: (15)

As seen from Fig. 4, as a function of the cavity length,

xmax
�3 dB has a maximum. With increasing L from the shortest tol-

erable cavity length required for lasing,19 xmax
�3 dB increases from

zero, approaches its highest value xhighest
�3 dB at a certain optimum

cavity length Lopt, and then decreases. Lopt depends on rint – the

larger is rint, the longer should be the optimum cavity. When

rint is small [so small that the second terms in the brackets in

the right-hand sides of Eqs. (16) and (17) are much less com-

pared to unity], the analysis of Eq. (12) for xmax
�3 dB as a function

of L yields the following expressions for Lopt and xhighest
�3 dB :

Lopt � Lmin
0 1þ gmax

gmax � a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4rintn1

gmax

3

s !

¼ lnð1=RÞ
gmax � a0

1þ gmax

gmax � a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4rintn1

gmax

3

s !
; (16)

xhighest
�3 dB � xhighest

�3 dB

���
rint¼0

1� 3

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4rintn1

gmax

3

s !

¼
ffiffiffi
2
p

vggmax 1� 3

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4rintn1

gmax

3

s !
; (17)

where Lmin
0 and xhighest

�3 dB jrint¼0 are the shortest tolerable cavity

length and the highest bandwidth, respectively, when rint¼ 0.

The highest modulation bandwidth xhighest
�3 dB =2p is shown

against rint in Fig. 5. As seen from the figure, in the ideal

case of no free-carrier-density-dependent internal loss in the

OCL (and also no carrier capture delay from the OCL into

QDs), ðxhighest
�3 dB jrint¼0Þ=2p is about 60 GHz in a GaInAsP

structure of Ref. 20 used for our calculations here. In the

presence of such a loss, xhighest
�3 dB =2p is, however, considerably

reduced and becomes vanishing as rint approaches its maxi-

mum tolerable value (Fig. 5).

In conclusion, the free-carrier-density-dependent inter-

nal optical loss in the waveguide region has been shown to

FIG. 3. Maximum modulation bandwidth xmax
�3 dB=2p vs. internal loss cross-

section rint. a0¼ 3 cm�1 and L¼ 1.139 mm; rmax
int ¼ 2:677� 10�17 cm2.

FIG. 4. Maximum modulation bandwidth xmax
�3 dB=2p vs. cavity length L.

a0¼ 3 cm�1 and rint¼ 2.67� 10�17 cm2; Lopt¼ 1.5 mm.

FIG. 5. Highest modulation bandwidth xhighest
�3 dB =2p vs. internal loss cross-

section rint. a0¼ 3 cm�1. rmax
int in the figure corresponds to L¼1 and that is

why it is larger than in Fig. 3.
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considerably reduce the modulation bandwidth x�3 dB of a

QD laser. At a certain optimum value jopt
0 of the dc compo-

nent of the injection current density, the maximum band-

width xmax
�3 dB is attained and the response function becomes

as flat as possible. While xmax
�3 dB depends strongly on the

effective cross-section rint of internal absorption loss proc-

esses (decreases and becomes zero at the maximum tolerable

value of rint), the flattest response function is universal in

terms of the normalized modulation frequency x=xmax
�3 dB. As

with jopt
0 , there also exists the optimum cavity length, at

which x�3 dB is highest; the larger is rint, the longer should

be the optimum cavity.
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