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Abstract.  A theory of static (threshold and power) characteristics 
of novel diode lasers – quantum dot (QD) lasers with asymmetric 
barrier layers (ABLs) – is developed. The barrier layers are asym-
metric in that they have considerably different heights for the carri-
ers of opposite signs. The ABL located on the electron- (hole-) inj
ecting side of the structure provides a low barrier (ideally no bar-
rier) for electrons (holes) [so that it does not prevent electrons 
(holes) from easily approaching the active region] and a high bar-
rier for holes (electrons) [so that holes (electrons) injected from the 
opposite side of the structure do not overcome it]. The use of ABLs 
should thus ideally prevent the simultaneous presence of electrons 
and holes (and hence parasitic electron – hole recombination) out-
side the QDs. It is shown in this work that in such a case of total 
suppression of parasitic recombination, the QD lasers with ABLs 
offer close-to-ideal performance: the threshold current density is 
below 10 A cm–2 at any temperature, the absolute value of the char-
acteristic temperature is above 1000 K (which manifests a virtually 
temperature-independent operation), the internal differential quan-
tum efficiency is practically unity, and the light – current character-
istic is linear at any pump current.

Keywords: quantum dot lasers, semiconductor lasers.

1. Introduction

In conventional diode lasers, pumping the active region (i. e., 
creating the population inversion required for lasing) is a 
three-step process. It includes injection of electrons and holes 
to the waveguide region [optical confinement layer (OCL)] 
from the cladding layers located on the opposite sides of this 
region, transportation through this region to the active reg
ion, and capture into the latter (Fig. 1a). Only a small fraction 
of electrons and holes injected to the OCL is finally captured 
into the active region – the majority of them remains in the 
OCL. Besides, electrons (holes) are easily transported to that 
side of the OCL where holes (electrons) are coming from 
(right- (left-) hand side in Fig. 1a). Hence, the carrier popula-
tion is bipolar throughout the OCL. While simultaneous pop-
ulation of electrons and holes is required in the active region, 
bipolar population outside the active region is undesirable. In 
the presence of such population, electron – hole recombina-
tion occurs there [1 – 21]. This recombination is parasitic as it 
adversely affects the laser characteristics. In particular,

(i) the fraction of injection current that goes into the para-
sitic electron – hole recombination is considerable; hence the 
threshold current is increased [8, 12, 13, 15, 18];

(ii) the parasitic recombination outside the active region 
presents a major source for the temperature dependence of 
the threshold current [8, 12, 13, 15, 18]; and

(iii) the parasitic recombination rate rises superlinearly 
with injection current above the lasing threshold, which leads 
to sublinearity of the light – current characteristic (LCC) and 
limits the output optical power [19 – 21].

The use of asymmetric barrier layers (ABLs) was propo
sed [22, 23] as one of two approaches to suppress the recombi-
nation of electron – hole pairs outside a quantum-confined 
active region in semiconductor lasers. While the other approach 
– double tunneling-injection of charge carriers – was exten-
sively discussed in the context of quantum dot (QD) lasers 
[22 – 31], the concept of ABLs was only applied to quantum 
well (QW) lasers so far [32 – 37]. A considerably higher tem-
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Figure 1.  Energy band diagrams of (a) a conventional diode laser and 
(b) an ABL laser. The vertical solid arrows show the electron – hole re-
combination in the active region (QDs). The vertical dashed arrows 
show the parasitic electron – hole recombination outside the active re-
gion (in the OCL).
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perature stability of the threshold current was demonstrated 
in ABL QW lasers as compared to reference QW lasers with-
out ABLs [33]. In the meantime, due to a truly discrete energy 
spectrum of carriers in QDs, still better characteristics are 
anticipated for ABL lasers, which will use a layer with QDs as 
the active region instead of a QW. This work explores the 
potential of ABL QD lasers for low-threshold, temperature-
stable, and high-power operation.

In ABL QD lasers, to prevent bipolar population in the 
OCL and thus to suppress parasitic recombination there, the 
QD layer is sandwiched between two barrier layers. The lay-
ers are asymmetric – in the layer located on that side of the 
OCL into which electrons (holes) are injected [left- (right-) 
hand side in Fig. 1b], the energy barrier for electrons (holes) 
[i. e., the conduction (valence) band offset between the materi-
als of the ABL and OCL] is low (ideally, zero) while that for 
holes (electrons) [i. e., the valence (conduction) band offset 
between the materials of the ABL and OCL] is high. Such 
asymmetry in the barrier heights for electrons and holes in 
each ABL will ensure that

(i) the carriers coming from that side of the structure, into 
which there were injected, will easily reach and be captured to 
the active region; and

(ii) the further transport of these carriers to the opposite 
side of the structure, i. e., to that side of the structure, into 
which the carriers of the opposite sign were injected, will be 
effectively blocked.

Assuming that the ABLs function ideally, there will be no 
bipolar population and hence parasitic electron – hole recom-
bination in the OCL in the structure of Fig. 1b, electrons 
(holes) will not reach the right- (left-) hand side of the OCL. 
The only location in the structure, where the electrons and 
holes will meet together and recombine, will be the quantum-
confined active region.

Asymmetric band structures and carrier blocking layers 
were discussed elsewhere (see, e. g., [38 – 46]) but for purposes 
other than suppression of the parasitic electron – hole rec
ombination outside the active region.

2. Rate equations

To explore the potential of ABL QD lasers for low-threshold, 
temperature-stable, and high-power operation, it is assumed 
here that the ABLs function ideally, i. e.,

(i) the left-hand-side ABL totally blocks holes from enter-
ing the left-hand side of the OCL while not hindering at all the 
electron injection into QDs; and

(ii) the right-hand-side ABL totally blocks electrons from 
entering the right-hand side of the OCL while not hindering 
at all the hole injection into QDs.

The following set of rate equations is used, which includes 
all the main processes in the layered structure of Fig. 1b:
for free electrons in the left-hand side of the OCL,

¶
¶

b
t
nL

1  = e
j
 + sn un n1NS  fn – sn un nL NS (1 – fn)	 (1)

for free holes in the right-hand side of the OCL,

¶
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for electrons and holes confined in QDs,
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and for photons,

¶

¶

t

nph
 = cg gmax( fn + fp – 1)nph – cg bnph.	 (5)

Here, b1 (b2) is the thickness of the left- (right-) hand side 
of the OCL [the separation between the n- (p-) cladding layer 
and the left- (right-) hand-side barrier (see Fig. 1b)]; nL and 
pR are the free-electron and -hole densities in the left- and 
right-hand sides of the OCL, respectively; j is the injection 
current density; e is the electron charge; sn, p are the cross sec-
tions of electron and hole capture into a QD; un, p are the elec-
tron and hole thermal velocities; NS is the surface density of 
QDs; fn, p are the electron- and hole-level occupancies in QDs; 
tQD is the spontaneous radiative lifetime in QDs; cg is the 
group velocity of light in the cavity; gmax is the maximum 
value of the modal gain [8, 12, 15]; b = (1/L)ln(1/R) is the mir-
ror loss coefficient; L is the cavity length; R is the facet reflec-
tivity; and nph is the photon density (number of photons per 
unit area of the junction) in the lasing mode.

The quantities n1 and p1 in (1) – (4) characterise the intensi-
ties of electron and hole thermal escape from a QD to the 
OCL. They are given by

n1 = expN
T
E3

c
D n

-c m,   p1 = expN
T

E
v
D p3

-c m,	 (6)

where N ,
3
c v
D  = 2 2[ /(2 )]m T,

/
c v
OCL 3 2'p  are the effective densities of 

states in the conduction and valence bands in the OCL; m ,c v
OCL  

are the electron and hole effective masses in the OCL; En, p are 
the electron and hole excitation energies from a QD to the 
OCL; and T is the temperature (in units of energy).

The first term in the right-hand side in Eqn (1) [Eqn (2)] is 
the electron (hole) injection flux (in units of cm–2 s–1) from the 
n- (p-) cladding layer to the OCL. Each of these fluxes is given 
by the total injection current density j divided by the electron 
charge: this reflects the fact that the current in the n- (p-) clad-
ding layer (including the boundary with the OCL) is purely 
electron (hole) current.

The second term in the right-hand side in Eqn (1) [Eqn (2)] 
is the flux of thermal escape of electrons (holes) from QDs to 
the OCL and the third term is the flux of electron (hole) cap-
ture from the OCL into QDs.

In (3) and (4), NS  fn  fp /tQD is the spontaneous radiative 
recombination flux in QDs. In (3) – (5), cg gmax( fn + fp – 1)nph 
is the flux of stimulated radiative recombination of electrons 
and holes in QDs, i. e., the flux of stimulated emission of pho-
tons. The second term in the right-hand side of (5) is the flux 
of photon escape from the cavity through the mirrors.

Adding up equations (1) and (3) gives

¶
¶
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(b1nL + 2NS  fn) = e
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f f
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	 – cg gmax( fn + fp – 1)nph.	 (7)

Adding up equations (2) and (4) gives

¶
¶
t
(b2 pR + 2NS  fp) = e

j
 – N

f f
S
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n p

t

	 – cg gmax( fn + fp – 1)nph.	 (8)

Subtracting Eqn (7) from Eqn (8) gives

¶
¶
t
[(b2 pR + 2NS  fp) – (b1nL + 2NS  fn)] = 0.	 (9)

Equation (9) is the condition of conservation of the total 
charge in the laser structure, which includes the charge of free 
electrons in the left-hand side of the OCL, free holes in the right-
hand side of the OCL, and electrons and holes confined in QDs. 
Since the laser structure is not originally charged, the following 
condition of global charge neutrality is obtained from (9):

b1nL + 2NS  fn = b2 pR + 2NS  fp.	 (10)

Equality (10) simply states that the total charge of elec-
trons in QDs and the left-hand side of the OCL is compen-
sated for by the total charge of holes in QDs and the right-
hand side of the OCL. As seen from (10), the local charge 
neutrality is violated in QDs, i. e., fn ¹ fp in the general case.

3. Steady-state characteristics

A GaInAsP heterostructure lasing near 1.55 mm is considered 
in this work [8, 12, 13, 15]. The materials of the cladding lay-
ers, OCL and QDs are InP, Ga0.21In0.79As0.46P0.54 and 
Ga0.47In0.53As, respectively, with the latter two being lattice-
matched with InP. The cavity length is L = 1.139 mm (the 
mirror loss is  b = 10 cm–1), the width of the laser stripe is 2 
mm, the surface density of the QD is NS = 6.11 ́  1010 cm–2, and 
T = 300 K.

Continuous-wave operation is considered here and hence 
the rate equations (1) – (5) are solved at the steady state. At the 
steady state, the set of differential equations (1) – (5) reduces 
to the set of algebraic equations. As shown below, solving this 
set of algebraic equations reduces in turn to solving a single 
algebraic equation in one unknown [see Eqn (15)].

From Eqn (5) at the steady state, the lasing condition is 
obtained in the form (equality of the gain to the loss):

gmax(  fn + fp – 1) = b.	 (11)

From (11) and (1), fp and nL are expressed in terms of fn as 
follows:

fp(  fn) = 1 + gmax
b
 – fn,	 (12)

nL(  fn) = n1 f

f

1 n

n

-
 + 

( )e N f

j

1Sn n ns u -
.	 (13)

From (2) and using (12), pR is also expressed in terms of fn,
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Substituting fp, nL, and pR from (12) – (14) into (10), the 
following equation is obtained to find fn:
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Equation (15) can be rewritten as a cubic equation in fn. 
Solving (15), fn is found and then, using (12) – (14), fp, nL, and 
pR are calculated.

As seen from (15) and (12) and shown in Fig. 2, fn and fp 

vary with injection current density j. The fact that the elec-
tron and hole level occupancies in QDs are not pinned in the 
lasing regime is entirely due to violation of local neutrality 
in QDs, i. e., to electron – hole asymmetry. Indeed, assuming 
local neutrality in QDs one would immediately obtain from 
(11) that fn, p are pinned at the same (threshold) value given 
by

f f
g2

1 1 max
neutral neutral
n p

b
= = +e o,	 (16)

and shown by the horizontal dashed line in Fig. 2.
From Eqn (7) [or (8)] at the steady-state and using (11), 

the photon density is calculated,

nph( j ) = tph
( )

e
j j jspon

QD
-

,	 (17)

where tph = 1/(cg b) is the photon lifetime in the cavity and
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Figure 2.  Electron and hole level occupancies in QDs vs. injection cur-
rent density. The horizontal dashed line shows the electron and hole 
level occupancies calculated assuming local neutrality in QDs [Eqn 
(16)]. The horizontal dotted lines show the asymptotic values of the 
electron and hole level occupancies given by (29) and (30). 



525Quantum dot lasers with asymmetric barrier layers: Close-to-ideal threshold
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is the spontaneous radiative recombination current density in 
QDs.

Finally, the current density of stimulated recombination, 
jstim, and the output optical power of the laser, P, are calcu-
lated,

jstim( j ) = e
( )n j

ph

ph

t  = j – ( )j jspon
QD ,	 (19)
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' 'w t
w w
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where 'w is the photon energy, S = WL is the cross section of 
the junction, and W is the lateral size of the device.

The output power can be written as

P ( j ) = ( ) ( )e S j j jintth
'w h- ,	 (21)

where the threshold current density jth (the lowest pump cur-
rent density, at which the lasing starts) is found as the root of 
the equation

j – ( )j jspon
QD  = 0,	 (22)

and hint is the internal differential quantum efficiency (effi-
ciency of stimulated emission), which is defined as [47]
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If QDs were neutral, the optical power would be given by

P neutral = ( )e S j j th
neutral'w

- ,	 (24)

with
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f
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S
QD

neutral
n
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t= 	 (25)

being the threshold current density in that case. As seen from 
(24) and (25), under the condition of local neutrality in QDs, 
the LCC of ABL QD lasers (the output optical power versus 
the injection current density) is linear.

As seen from (17), (19), and (20), the only mechanism of 
non-stimulated recombination in an ideally functioning ABL 
QD laser is the spontaneous radiative recombination in QDs. 
Since the level occupancies in QDs fn ( j ) and fp ( j ) cannot 
exceed unity, the current density consumed by spontaneous 
radiative recombination in QDs [see (18)] also remains lim-
ited,

( )j jspon
QD  £ 

eN
QD

S

t .	 (26)

For typical values of the surface density of QDs NS (< 1011 cm–2) 
and spontaneous radiative recombination time in QDs tQD 
(» 1ns), the upper limit for the spontaneous recombination 
current density eNS /tQD is less than 20 A cm–2, which is a very 
low value. This means that, no matter what are the particular 
functional dependences of fn and fp on j, for the pump current 
density j >> eNS /tQD, the spontaneous recombination current 

density in QDs can be safely neglected compared to j in (20) 
thus yielding a linear LCC (Fig. 3),

P ( j ) = e jS
'w .	 (27)

As seen from (21) and (27), the internal differential quan-
tum efficiency hint is practically equal to unity.

As it might be concluded from (20) and (18), due to viola-
tion of local neutrality in QDs and the fact that fn and fp are 
nonlinear functions of the injection current density (Fig. 2), 
the LCC should also be nonlinear at low j, i. e., at j slightly 
above jth. However, even at low j, the LCC of ABL lasers is 
virtually linear and very close to that given by Eqn (24) for the 
case of neutral QDs. The physics behind this is as follows. To 
satisfy the lasing condition (11), the sum fn + fp should remain 
constant. With (11) and (16), this sum can be written us

fn + fp = 2 f ,
neutral
n p .	 (28)

What this means is the increase in fn with j is compensated for 
by the decrease in fp (Fig. 2). Hence, while the electron and 
hole level occupancies in QDs significantly vary with j, their 
product, which determines the spontaneous radiative recom-
bination current density in QDs [see (18)], is almost constant 
and hence is not significantly affected by violation of local 
neutrality in QDs (Fig. 4). As a result of this, so is the LCC of 
the laser even at low j.

As seen from Fig. 2, fn and fp saturate with increasing j. 
From (15) and (12), the following expressions are obtained 
for the asymptotic values of fn and fp at j ® ¥ (the dotted 
horizontal lines in the figure):

fn, asympt = 1 /

/ /g

, , , ,

, ,0 , ,
max

capt capt

capt capt

p n

p n

0 0

0

t t

b t t

+

+
,	 (29)

fp, asympt = /

/ /g

1 , , , ,
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Figure 3.  Light – current characteristic of an ABL QD laser: output op-
tical power vs. injection current density; T= 300 K.
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where

tn, capt, 0 = b1/un, capt, 0,   tp, capt, 0 = b2/up, capt, 0 	 (31)

are the capture times of electrons and holes from the left- and 
right-hand sides of the OCL, respectively, into an empty QD 
ensemble (when fn, p = 0). In (31), un, capt, 0 and up, capt, 0 are the 
capture velocities (in units of cm s–1) into an empty QD ens
emble given by [19 – 21]

un, capt, 0 = snun NS,   up, capt, 0 = spup NS.	 (32)

While fn and fp differ considerably from each other, the 
free electron density nL in the left-hand side of the OCL is 
almost the same as the free hole density pR in the right-hand 
side of the OCL in the case of b1 = b2 considered here (Fig. 5). 
This is because each of the electron and hole charges (per unit 
area) confined in all QDs, 2NS  fn and 2NS  fp, is negligible com-

pared to the free-electron and -hole charges in the left- and 
right-hand sides of the OCL, b1nL and b2 pR.

Using (29) and (30) in (13) and (14), the following expres-
sions are obtained for the asymptotic values of nL and pR at 
j ® ¥:

b1nL, asymp = b2 pR, asympt = /g e
j

1
, ,0 , ,

max

capt captn p 0

b

t t

-

+
.	 (33)

While the threshold current density for the case of neutral 
QDs is given by a closed-form expression [see (25)], no such 
expression can be derived for the case of charged QDs. 
However, the upper limit for jth can be easily found in the 
general case. As seen from (22), since j spon

QD  is limited [see (26)], 
jth is limited as well and the upper limit for the latter is the 
same as that for j spon

QD ,

jth £ eNS /tQD.	 (34)

As with the dependence on the injection current density, 
violation of local neutrality in QDs leads to the temperature-
dependence of fn and fp (see [12, 13, 15] where this has been 
considered in the context of conventional QD lasers). If QDs 
were neutral, fn, p [see (16)] and hence the threshold current 
density [see (25)] would be independent of temperature. Acco
rdingly, the characteristic temperature (a figure of merit of a 
diode laser from the viewpoint of temperature-stability of jth) 
defined as

T0 = ¶
¶ ln
T
jth 1-

c m ,	 (35)

would be infinitely high.
As seen from (15), primarily due to exponential [see (6)] 

temperature dependences of n1 and p1 [the T-dependence of 
the electron and hole thermal velocities un, p also entering into 
(15) is much weaker compared to these], fn should be temper-
ature-dependent as well. Hence, so should be fp [see (12)]. 
Similarly to the dependences on the injection current density 
(Fig.  2), since the sum fn + fp should remain constant [see 
(28)], to satisfy the lasing condition (11), the increase in fn 
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Figure 4.  Spontaneous radiative recombination current density in QDs 
vs. injection current density. The horizontal dotted line shows the as-
ymptotic value j ,spon asympt

QD  = (eNS/tQD) fn, asympt  fp, asympt, where fn, asympt 
and fp, asympt are given by (29) and (30); T = 300 K.

11

9

7

0 100 200

pR

nL

j/A cm–2

n L
,p

R
 /1

016
 c

m
–3

Figure 5.  Free-electron density in the left hand side of the OCL and 
free-hole density in the right hand side of the OCL vs. injection current 
density; T = 300 K.

0.86

0.67

0.48

fn,th, fp,th

200 325 450
T/K

fp,th

fn,th

fn,p
neutral

Figure 6.  Electron and hole level occupancies in QDs at the lasing 
threshold vs. temperature. The horizontal dashed line shows the elec-
tron and hole level occupancies calculated assuming local neutrality in 
QDs [Eqn (16)].
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with T is compensated for by the decrease in fp (Fig. 6). As a 
result of this, the spontaneous recombination current den-
sity in QDs jth, controlled by the product of fn and fp [see 
(18)], and hence the threshold current density jth [determined 
from (22)], vary only slightly with temperature varying in a 
wide range (Fig. 7). As seen from Fig. 7, jth is below 10  A  cm–2 
in the entire temperature range from 200 to 450 K. As also 
seen from the figure, the temperature dependence of jth is 
nonmonotonous: with increasing temperature, jth first 
decreases, then increases, and then decreases again. Hence 
the characteristic temperature T0 twice changes its sign: it is 
first negative, then positive, and then negative again (Fig. 8). 
At the temperatures, at which jth is at its minimum and max-
imum (217 and 401 K, respectively), the characteristic tem-
perature is infinitely high (T0 = ¥): 1/T0 = 0 at these tem-
peratures in Fig. 8. As seen from Fig. 8, the absolute value of 

T0 is above 1100 K in the entire temperature range. Such 
high values of T0 in ABL lasers with charged QDs represent 
virtually temperature-independent jth for any practical 
applications.

4. Conclusions

A theory of static characteristics of novel semiconductor las
ers – QD lasers with ABLs – has been developed. Assuming 
that the ABLs function ideally, i. e., they completely block the 
simultaneous presence of electrons and holes outside the QDs, 
and hence the parasitic electron – hole recombination is totally 
suppressed there, it has been shown that the QD lasers with 
ABLs offer close-to-ideal performance: the threshold current 
density is below 10 A cm–2 at any temperature, the absolute 
value of the characteristic temperature is above 1000 K (which 
manifests a virtually temperature-independent operation), 
the internal differential quantum efficiency is practically 
equal to unity, and the LCC is linear at any pump current.
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