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Light-current characteristic (LCC) of a novel type of quantum well (QW) lasers—QW lasers with

asymmetric barrier layers (ABLs)—is studied. The ABLs (one on each side of the QW) prevent

electrons from entering the hole-injecting side of the structure and holes from entering the

electron-injecting side. The use of ABLs thus suppresses the parasitic electron-hole recombination

outside the QW and eliminates the mechanism of sublinearity of the LCC in conventional lasers

associated with this recombination and with the carrier capture delay into the QW. As a result, no

matter how slow is the carrier capture into the QW, the LCC of an ABL QW laser is virtually

linear. In an ABL laser containing indent layers between the QW and each of the ABLs (parasitic

recombination still occurs in these thin layers), even in the case of slow capture of carriers into

the QW, the LCC is also considerably more linear than in a reference conventional QW laser.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824545]

I. INTRODUCTION

In the conventional design of injection lasers, there is

always bipolar (i.e., both electron and hole) population, and

hence electron-hole recombination, not only in the active

region [quantum wells (QWs), quantum wires, or quantum

dots (QDs)] but also in the optical confinement layer

(OCL).1–10 Parasitic recombination outside the active region

presents a major cause for the temperature-dependence of

the threshold current in conventional semiconductor lasers. It

also leads to sublinearity of the light-current characteristic

(LCC) in such lasers.11,12

In Refs. 13 and 14, to suppress bipolar population and

hence electron-hole recombination outside QDs, tunneling-

injection of both electrons and holes into QDs from two sep-

arate QWs (one on each side of the QD layer) was proposed.

In Refs. 14 and 15, an alternative, band-engineering,

approach was proposed to suppress parasitic recombination

outside QDs. The approach was based on the use of two

asymmetric barrier layers (ABLs)—one on each side of the

QD layer. The ABL in the electron-injecting side of the

structure should ideally prevent holes from entering that side

while not hindering the electron-injection into QDs. The

ABL in the hole-injecting side should prevent electrons from

entering that side while not hindering the hole-injection into

QDs. The use of stopper layers was discussed earlier in Ref.

16 to improve the carrier confinement in the active region

and the optical confinement in the waveguide. In Ref. 17, a

QW laser with a hole stopper (in the form of a six-period

superlattice) emitting at 3.15 lm was discussed.

In Ref. 18, the concept of ABLs was applied to a single-

QW laser. Realistic material systems for ABL QW lasers

were identified. A lower and less temperature-sensitive

threshold current was predicted in Ref. 18 for ABL QW

lasers as compared to conventional quantum well (CQW)

lasers. In Ref. 19, an ABL QW laser was fabricated and

operated at room temperature for the first time; it demon-

strated a considerably higher temperature-stability of the

threshold current (the characteristic temperature T0¼ 143 K)

as compared to the reference CQW laser (T0¼ 99 K).

Our previous work was focused on the effect of ABLs

on threshold characteristics of QW lasers. In this paper, we

study the LCC (the output optical power as a function of the

pump current) of ABL QW lasers. We show that in an ABL

QW laser the parasitic electron-hole recombination outside

the QW is totally suppressed and the LCC is virtually linear.

We also show that in an ABL QW laser with indent layers,

which is easier to fabricate, the LCC is considerably more

linear as compared to the reference CQW laser.

II. THEORETICAL MODEL

The output optical power of a diode laser is given by

PðjÞ ¼ �hx
e

S ðj� jthÞ gintðjÞ
b

bþ aint

; (1)

where �hx is the photon energy, e is the electron charge,

S¼LW is the cross-section of the junction, L is the cavity

length, W is the lateral size of the device, j is the injection

current density, jth is the threshold current density, b is the
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mirror loss, and aint is the internal optical loss. In what fol-

lows, we neglect aint as compared to b.

In Eq. (1), gint is the internal differential quantum effi-

ciency defined as20

gint ¼
jstim

j� jth

; (2)

where jstim is the current density of stimulated recombination

in the active region of the laser.

In Refs. 11 and 12, a general approach to the internal

quantum efficiency of semiconductor lasers with a quantum-

confined active region was developed. The following expres-

sion for gint was derived, which applies to QW, quantum

wire, and QD lasers:

gintðjÞ ¼
1

1

2
þ jOCL

th

jcapt; th
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
þ jOCL

th

jcapt; th

 !2

þ jOCL
th

jcapt; th

j� jth

jcapt; th

vuut
;

(3)

where

jOCL
th ¼ ebB3DðnOCL

th Þ
2; (4)

is the threshold current density component associated with

parasitic recombination outside the active region (i.e., in the

OCL) and jcapt; th is the current density of carrier capture

from the OCL into the quantum-confined active region at the

lasing threshold. In Eq. (4), b is the OCL thickness, B3D is

the three-dimensional (3D) radiative recombination constant

for the OCL material, and nOCL
th is the free carrier density in

the OCL at the lasing threshold.

As seen from Eq. (3), gint decreases with increasing j
and, consequently, the dependence of P on j (the LCC) is

sublinear— see Eq. (1).

In the case of QW lasers,

jth ¼ jQW
th þ jOCL

th ; (5)

where

jQW
th ¼ eB2DðnQW

th Þ
2; (6)

is the threshold current density component associated with

spontaneous radiative recombination in the QW, B2D is the

two-dimensional (2D) radiative recombination constant for

the QW material, and nQW
th is the 2D-carrier density in the

QW at the lasing threshold.

The 2D-carrier density nQW in the QW is related to the

occupancy fn of the lower edge of the quantum-confinement

subband in the QW as follows:21

nQW ¼ N2D
c ln

1

1� fn

; (7)

where N2D
c is the 2D effective density of states in the QW.

If charge neutrality holds in the QW, the occupancy of

the subband edge in the QW is found from the following las-

ing condition:

gmax fn � ð1� fnÞ
1
M

h i
¼ b; (8)

where gmax is the maximum modal gain of the laser (see

Refs. 10 and 18 for gmax) and M ¼ mQW
hh =mQW

e is the ratio of

the heavy-hole effective mass to the electron effective mass

in the QW.

The solution of Eq. (8), fn, is pinned, i.e., does not

depend on the pump current density j. Correspondingly, the

2D-carrier density nQW in the QW [see Eq. (7)] is pinned at

its threshold value nQW
th . Hence, the current density

jQW¼ eB2D (nQW)2 of spontaneous recombination in the QW

does not change with j above the lasing threshold and is

given by Eq. (6).

In contrast to nQW and jQW, the free-carrier density nOCL

and the current density jOCL of spontaneous recombination in

the OCL increase with j above the lasing threshold,

jOCL ¼ ebB3D ½nOCLðjÞ� 2: (9)

The increase of nOCL with j is due to noninstantaneous

capture of carriers from the OCL into the quantum-confined

active region,11,12

nOCLðjÞ ¼ nOCL
th 1þ j� jth

jcapt; th
gintðjÞ

� �
; (10)

where gint (j) is given by Eq. (3).

Using Eq. (78) of Ref. 12 and Eq. 12 of Ref. 22, we can

express the free-carrier density in the OCL at the lasing

threshold in terms of the 2D-carrier density in the QW as

follows:

nOCL
th ¼ n1

nQW

N2D
c

þ 1

vcapt; 0ð1� fnÞ
B2DðnQWÞ2; (11)

where n1 ¼ N3D
c exp ð�En=TÞ, N3D

c is the 3D effective den-

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

from the QW to the OCL, T is the temperature (in units of

energy), and vcapt, 0 is the velocity (in units of cm/s) of car-

rier capture into an unoccupied QW.

The current density of carrier capture into the QW at the

lasing threshold is

jcapt; th ¼ e vcapt; 0ð1� fnÞ nOCL
th : (12)

The capture velocity vcapt, 0 is the key (and actually the

only) parameter adequately describing the carrier capture

from a 3D bulk region (OCL) into a 2D region (QW)—see

Refs. 11, 12, and 22–27. As seen from Eqs. (10) and (12),

the higher vcapt, 0, the slower is the increase of nOCL and jOCL

with increasing j. In the limiting case of vcapt, 0!1 (instan-

taneous capture into the QW), nOCL and jOCL will remain

pinned at their threshold values nOCL
th and jOCL

th .

With Eqs. (4) and (12), the expression (3) for gint

becomes

143103-2 Asryan et al. J. Appl. Phys. 114, 143103 (2013)
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gint ¼
1

1

2
þ bB3D nOCL

th

vcapt; 0ð1� fnÞ
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
þ bB3D nOCL

th

vcapt; 0ð1� fnÞ

" # 2

þ bB3D

e ½vcapt; 0ð1� fnÞ� 2
ðj� jthÞ

vuut
: (13)

As seen from Eq. (13), the smaller is the thickness b of

the region (outside the QW) wherein bipolar carrier popula-

tion exists and hence parasitic electron-hole recombination

occurs, the higher is gint and the weaker is its decrease with j.
In the case of CQW lasers [Fig. 1(a)], b¼ bOCL is the thick-

ness of the entire OCL; hence, the internal efficiency drops

considerably with j (Figs. 2 and 4, solid curves) and the LCC

is sublinear (Figs. 3 and 5, solid curves).

In contrast to CQW lasers, in an ABL QW laser of Fig.

1(b), there is no region of bipolar carrier population, i.e., no

parasitic electron-hole recombination outside the QW—we

should set b¼ 0 in Eq. (13). Thus, no matter how slow is the

carrier capture into the QW, there will be 100% quantum ef-

ficiency (Figs. 2 and 4, horizontal dotted lines),

gint ¼ 1; (14)

and, correspondingly, a linear LCC (Figs. 3 and 5, dotted

lines),

PðjÞ ¼ �hx
e

S ðj� jthÞ: (15)

In an ABL QW laser containing indent layers between

the QW and each of the ABLs [Fig. 1(c)], the region of bipo-

lar population outside the QW, wherein the parasitic

electron-hole recombination occurs, is restricted to these two

thin indent layers only. Denoting by bind the thickness of

each indent layer, we should use

b ¼ 2bind (16)

in Eq. (13) to calculate gint. Since 2bind is much smaller than

bOCL (10 nm as compared to 0.4 lm for the specific structures

considered here), there will be only a slight decrease of gint

with j (Figs. 2 and 4, dashed-dotted curves) and only a slight

sublinearity of the LCC (Figs. 3 and 5, dashed-dotted curves).

III. DISCUSSION

To apply our theoretical model, we consider a reference

CQW laser [Fig. 1(a)] and ABL QW lasers without [Fig. 1(b)]

FIG. 1. Energy band diagrams of CQW laser (a) and ABL QW laser without

(b) and with indent layers (c). The vertical solid arrows show the electron-

hole recombination in the QW. The vertical dashed arrows show the para-

sitic electron-hole recombination outside the QW.

FIG. 2. Internal differential quantum efficiency in wide-lateral-size

(W¼ 100 lm) long-cavity (L¼ 2 mm) high-power structures vs. injection cur-

rent. In Figs. 2–7, the solid, dotted, and dashed-dotted curves are for the

CQW laser and ABL QW lasers without and with indent layers, respectively.

143103-3 Asryan et al. J. Appl. Phys. 114, 143103 (2013)
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and with indent layers [Fig. 1(c)]. For all the three structures,

the material of the QW is GaAs and the material of the OCL

is Al0.2Ga0.8As.18 The OCL thickness bOCL¼ 0.4 lm and the

QW width is 75 Å. The lasing wavelength k0¼ 0.84 lm.

For both ABL lasers [without and with indent layers—

see Figs. 1(b) and 1(c)], we assume that the ABLs function

ideally, i.e., the left-(right-) hand-side ABL totally blocks

holes (electrons) from entering the left-(right-) hand-side of

the OCL while not hindering at all the electron-(hole-) injec-

tion into the QW. This assumption is justified as a first step

to understand the potential of ABL QW lasers for high inter-

nal efficiency, which is the task of this work. The inclusion

of tunneling of carriers through the ABLs and over-the-bar-

rier escape of carriers is a topic of a separate rigorous study,

which is one of our future tasks.

As was shown in Ref. 18, Ga0.87In0.13As0.51P0.49 and

Al0.4Ga0.41In0.19As can serve as candidate materials for the

hole- and electron-blocking ABLs, respectively— there is a

significant asymmetry in the conduction and valence band

offsets at the heteroboundary between each of these materi-

als and the material of the OCL (Al0.2Ga0.8As).

The material of the indent layers in the ABL laser with

such layers [Fig. 1(c)] is the same as the material of the

OCL and the thickness of each indent layer bind¼ 5 nm.

The reason for considering here an ABL laser with indent

layers is that such a structure can be technologically easier

to grow as compared to an ABL laser without such

layers.18

For each type of the lasers, we consider two structures—

(i) a wide-lateral-size (W¼ 100 lm) long-cavity (L¼ 2 mm)

high-power structure pumped by the current I¼ LWj up to

20 A (which corresponds to the pump current density

10 kA/cm2) and (ii) a narrow-ridge (W¼ 3 lm) short-cavity

(L¼ 0.5 mm) structure pumped by the current up to 0.5 A

(which corresponds to the pump current density 33 kA/cm2).

The facet reflectivities are R1¼ 1 and R2¼ 0.32. Hence, the

FIG. 3. Light-current characteristic in high-power structures.

FIG. 4. Internal differential quantum efficiency in narrow-ridge (W¼ 3 lm)

short-cavity (L¼ 0.5 mm) structures vs. injection current.

FIG. 5. Light-current characteristic in narrow-ridge short-cavity structures.

143103-4 Asryan et al. J. Appl. Phys. 114, 143103 (2013)
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mirror loss b ¼ ð1=LÞ ln ð1 =
ffiffiffiffiffiffiffiffiffiffi
R1R2

p
Þ is 2.85 and 11.4 cm�1

in high-power and narrow-ridge structures, respectively.

For each structure, we consider the cases of very slow

capture of carriers into the QW (vcapt, 0¼ 105 cm/s) and mod-

erately slow capture (vcapt, 0¼ 5� 105 cm/s). Both these val-

ues are within the reported range for vcapt, 0.23,25–27

As already discussed above, gint in an ABL QW laser

without indent layers is unity (Figs. 2 and 4) and the LCC is

linear (Figs. 3 and 5) no matter how slow is the carrier cap-

ture into the QW.

As seen from Figs. 2(a) and 4(a), in the case of very

slow capture, the internal quantum efficiency of the CQW

laser drops considerably with increasing j in both the high-

power and narrow-ridge structures and, consequently, the

LCC is strongly sublinear [Figs. 3(a) and 5(a)]. In the ABL

QW laser containing indent layers [Fig. 1(c)], the decrease

of gint with j is not large [Figs. 2(a) and 4(a)] and the devia-

tion of the LCC from linearity is also not large [Figs. 3(a)

and 5(a)].

As seen from Figs. 2(b) and 3(b), in the case of moder-

ately slow capture in high-power structures, there is practi-

cally no difference between the two ABL lasers and only

little difference between the ABL and CQW lasers. In the

case of narrow-ridge structures, the difference between the

two ABL lasers is also negligible [Figs. 4(b) and 5(b)], while

the difference between the ABL and CQW lasers is noticea-

ble—gint decreases by almost 25% [Fig. 4(b)] and the LCC

is essentially sublinear in the CQW laser [Fig. 5(b)]. Hence,

even if the carrier capture into the QW is not very slow in

narrow-ridge short-cavity devices, the use of the ABL design

instead of the conventional design will considerably improve

the laser characteristics.

Figures 6 and 7 show the current of parasitic recombina-

tion outside the QW, IOCL¼LWjOCL [see (9) for jOCL],

against injection current for the high-power and narrow-ridge

structures, respectively. As seen from Figs. 6(a) and 7(a), in

the case of slow capture, a considerable fraction of the pump

current goes into parasitic recombination in both high-power

and narrow-ridge CQW structures. While the parasitic recom-

bination current is reduced in the case of moderately slow

capture, it still presents a large fraction of the pump current in

the narrow-ridge CQW structure – IOCL¼ 0.12 A at I¼ 0.5 A

[Fig. 7(b)]. In the ABL QW laser with indent layers, the

parasitic recombination current (dash-dotted curves in Figs. 6

and 7) is the current of electron-hole recombination in the

indent layers. As seen from Figs. 6 and 7, this current is no-

ticeable only in the case of slow capture in the narrow-ridge

structure [Fig. 7(a)].

IV. CONCLUSIONS

The use of ABLs (one on each side of the QW) has been

shown to eliminate the mechanism of sublinearity of the

LCC inherently present in the conventional design of QW

lasers and associated with (i) noninstantaneous capture of

carriers from the OCL into the QW and (ii) parasitic

electron-hole recombination in the OCL. In an ABL QW

laser, the parasitic recombination outside the QW is totally

suppressed and the LCC is virtually linear no matter how

slow is the carrier capture into the QW. In an ABL QW laser

containing indent layers (parasitic recombination still occurs

in these thin layers), even in the case of slow capture of car-

riers into the QW, the deviation of the LCC from linearity is

small.
FIG. 6. Parasitic recombination current outside the QW in high-power struc-

tures vs. injection current.

FIG. 7. Parasitic recombination current outside the QW in narrow-ridge

short-cavity structures vs. injection current.
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