
IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 48, NO. 8, AUGUST 2012 971

Improved Regrowth Interface of
AlGaInAs/InP-Buried-Heterostructure
Lasers by In-Situ Thermal Cleaning

Yuta Takino, Mizuki Shirao, Member, IEEE, Noriaki Sato, Takashi Sato,
Tomohiro Amemiya, Member, IEEE, Nobuhiko Nishiyama, Senior Member, IEEE,

and Shigehisa Arai, Fellow, IEEE

Abstract— The influence of in-situ thermal cleaning on the
regrowth interface quality of 1.3-µm wavelength AlGaInAs/InP-
buried-heterostructure (BH) lasers grown by organo-metallic
vapor-phase epitaxy was investigated. The surface recombination
velocity estimated from below threshold electroluminescence
measurements was used to quantitatively study regrowth inter-
face quality. The relationship between surface recombination
velocity and lasing properties was supported by theory. In this
way, we could validate the use of surface recombination velocity
as a measure of interface quality. In-situ thermal cleaning at
650 °C for 45 min under PH3 atmosphere resulted in operational
BH lasers (1.6 µm stripe width) with a differential quantum
efficiency of 66% and an internal quantum efficiency of approx-
imately 76%.

Index Terms— AlGaInAs/InP, buried-heterostructure, organo-
metallic vapor-phase epitaxy, thermal cleaning.

I. INTRODUCTION

ALGaInAs/InP 1.3-μm band semiconductor lasers
have been extensively studied for subscriber loop

applications due to their high performance operation at higher
temperatures than GaInAsP/InP based semiconductor lasers
[1]–[7]. The larger conduction band offset (�Ec = 0.75 �Eg)
for the AlGaInAs/InP alloy system compared to that of the
GaInAsP/InP system (�Ec = 0.40 �Eg) [8] enables
high performance operation in a wider temperature range.
Transmitter modules can then be built without thermoelectric
coolers, lowering both cost and power consumption. Since
the AlGaInAs/InP alloy system also has a potentially higher
material and differential gain [9], [10], high speed direct
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modulation and electro-absorption modulator integrated
distributed feedback lasers were realized [11]–[17].

For stripe geometry lasers used in optical fiber com-
munications, the buried-heterostructure (BH) was frequently
adopted due to its low operating current, stable output beam
pattern, and high-speed operation compared with a ridge
waveguide structure [5], [12]–[14], [16], [18]–[21]. However,
the oxidation of Al-containing layers made the adoption of
BH structures using the AlGaInAs/InP system difficult. Such
oxidation caused a degradation of crystal quality during the
embedding growth process and subsequently resulted in poor
lasing characteristics and low reliability [7], [13]. In order
to overcome this problem, various processes that prevent
oxidation or remove the oxidized surface of Al-containing
layers have been reported. Some of these methods are listed
in Table I.

While these methods were reported to overcome the oxi-
dation problem, quantitative studies of the regrowth inter-
face quality in BH structures have not been reported. We
have previously examined an in-situ thermal cleaning process
for the AlGaInAs/InP BH laser, focusing on the cleaning
time [23] and temperature [24]. Regrowth interface quality
was evaluated using the surface recombination velocity esti-
mated from the electroluminescence slope efficiency below the
threshold current. By adopting this process, room-temperature
continuous-wave (RT-CW) operation of a AlGaInAs/InP tran-
sistor laser emitting at a 1.3 μm wavelength was successfully
obtained [23], [24].

In this paper, we report a comprehensive study on in-situ
thermal cleaning for AlGaInAs/InP-BH laser and achieve
better characteristics than in our and other’s previous reports
on such lasers. In addition, the quantitative theoretical analysis,
with derivation of the formula for the surface recombination
velocity, is also mentioned. In Section II, the fabrication
processes and in-situ thermal cleaning conditions used in this
study are explained. We also provide a method for evaluat-
ing regrowth interface quality using surface recombination
velocity measurements. Section III is devoted to the rela-
tionship between surface recombination velocity and regrowth
interfaces under three conditions: cleaning time, atmosphere,
and cleaning temperature. The surface recombination velocity
of AlGaInAs/InP BH lasers obtained under the best thermal
cleaning conditions is compared with that of GaInAsP/InP
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TABLE I

LIST OF PREVIOUS STUDIES ON EMBEDDING REGROWTH

FOR THE AlGaInAs MATERIAL SYSTEM

Purposes Methods Ref.

Interference
with the oxidation

Narrow-stripe selective
organo-metallic vapor-phase-epitaxy

(NS-OMVPE)
[13], [21]

Passivation by the NH4S solution [22]
Minimization of the exposure time

between the etching and the
regrowth

[12]

Disposal of
the oxidized

surface

Heating under phosphine pressure
prior to the growth

Treatment by HF solution [5]
In-situ etching at the OMVPE
reactor prior to the regrowth [19], [20]

BH lasers fabricated under the same conditions. Finally, we
conclude this study in Section IV.

II. FABRICATION PROCESS AND THERMAL

CLEANING CONDITION

A. Fabrication Process With Thermal Cleaning

The initial wafer consists of (a) a 500 nm thick n-InP
cladding layer, (b) a 30 nm thick n-AlInAs layer, (c) a bottom
100 nm thick n-AlInAs to u-AlGaInAs graded-index separate
confinement heterostructure (GRIN-SCH) layer, (d) five
Al0.15Ga0.12In0.73As quantum wells (QWs), 5 nm thick,
compressively strained (CS) by 1.4%, which comprise the
active layer for 1.3 μm wavelength laser light, (e) six 10 nm
thick t0.7% tensile-strained (TS) Al0.25Ga0.32In0.43As barrier
layers, (f) an upper 100 nm thick u-AlGaInAs to p-AlInAs
GRIN-SCH layer, (g) a 30 nm thick p-AlInAs layer, a 30 nm
thick p-InP layer, and a 30 nm thick GaInAs layer. These
layers were grown on a (100) n-InP substrate using a low
pressure (0.1 atm) OMVPE technique.

Mesa stripes were formed from a combination of wet and
dry etching using a SiO2 mask with various widths. Firstly,
the GaInAs and Al-containing layers (about 450 nm thick)
were etched using a bromine-methanol solution (Br2/CH3OH
= 1:1000) in order to reach the n-InP cladding layer. Since
this solution gives isotropic etching, the actual mesa stripes
narrowed by approximately 1.4–1.5 μm compared to the
initial width of the SiO2 mask. Next, an additional depth of
300 nm was reached by CH4/H2 reactive ion etching (RIE).
Wet cleaning was then carried out by 3 steps by using
Br2/CH3OH = 1:40000, H2SO4/H2O2/H2O = 1:1:40, and
1% BHF. The 1st step was for removing the dry etching
damage, the 2nd step was for treatment of the active region
and the last step was for removing of the oxidized layer on
the whole surface and the Al-containing region. The wafer
was then immediately loaded into the OMVPE reactor and
thermal cleaning was carried out prior to the growth of
the current blocking layers. Thermal cleaning was conducted
under various conditions by changing the time, atmosphere,
and temperature, which will be explained in Section III. Wafer
loading time can affect regrowth interface quality. We found

p-GaInAs contact layer

SiO2 insulating layer

Current blocking layer

AlGaInAs MQWs + GRIN-SCH

p-side electrode (Ti/Au)

n-side electrode (Ti/Au)

Fig. 1. Structure of the fabricated BH lasers.

that device characteristics degraded dramatically for wafer
loading times of over 60 min. We set the exposure time to
within 4 min, since no changes occurred in this time. After
loading, the wafer underwent regrowth of the 100 nm thick n-
InP current blocking layers, the 200 nm thick p-InP layers, and
the 300 nm thick n-InP layers. These layers were selectively
grown in order to bury the mesa stripes. After removing the
SiO2 mask and the GaInAs layer, a second regrowth of (h)
a 1.6 μm thick p-InP cladding layer and (i) a 50 nm thick
p+-GaInAs contact layer was carried out.

After polishing the back side of the wafer to a thickness
of 100–150 μm, Ti/Au electrodes were evaporated onto both
sides of the wafer and facets were formed by cleavage for
laser cavities. The structure of the fabricated AlGaInAs/InP
BH laser is shown in Fig. 1 and the final structure of the laser
is shown in Table II.

B. Evaluation of Surface Recombination Velocity

In order to evaluate the quality of the regrowth interface, we
introduced a non-radiative recombination rate at the sidewall.
This is the so-called surface recombination velocity S [25]
estimated from the following relation (see Appendix),

ηspon,BH

ηspon,BHO
= 1 −

2S·τ
W−2Wd

1 + S·τ
LD

coth
{
(W − 2Wd)/2LD

} (1)

where ηspon,BH is the spontaneous emission efficiency at a
low injection current level, τ is the carrier lifetime of the BH
structure when S = 0, L D is the diffusion length of electrons,
which is 5 μm for intrinsic AlGaInAs, and W is the stripe
width. Equation (1) involves carrier diffusion since W is as
wide as L D and can be rewritten as (2) when W is very narrow
compared to the carrier diffusion length and the carrier density
can be regarded as constant [25]–[29].

ηspon,BH

ηspon,BHO
= 1

1 + 2S•τ
W−2Wd

. (2)

Thus, Wd is the “dead layer thickness” as shown in Fig. 2.
However, in this report, we have assumed Wd to be negligible
in comparison to the stripe width, W � Wd , because when
considered to be a lattice defect region due to the oxidation
of Al-containing layers, Wd was found to be very thin from
our cross sectional SEM and TEM measurements (Fig. 3).
Furthermore, ηspon,BH0 is the spontaneous emission efficiency
of the BH laser with a broad stripe width for normalization.
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TABLE II

LIST OF THE LAYERS OF THE LASER STRUCTURE

Contents Material λg [μm] ND [cm−3] d [μm] Tgrowth [°C]

(i) Contact layer p+-Ga0.47In0.53As 1.65 1.0 × 1019 0.050 600

(h) Upper cladding layer p-InP 0.92 5.0 × 1017 1.600 650

(g) Upper n-SCH p- Al0.47In0.53As 0.81 2.0 × 1017 0.030 700

(f) Upper n-GRIN-SCH
↑

Upper u-GRIN-SCH

p- Al0.47In0.53As
↑

u- Al0.27Ga0.20In0.53As

0.81
↑

1.07

2.0×1017

↑
-

p-0.070
700

u-0.030

(e) TS -0.7% barrier layer ×5 u- Al0.22Ga0.35In0.43As 1.07 - 0.010 700

(d) CS 1.4% well layer ×5 u- Al0.17Ga0.10In0.73As 1.50 - 0.005 700

TS -0.7% barrier layer u- Al0.22Ga0.35In0.43As 1.07 - 0.010 700

(c) Bottom u-GRIN-SCH
↑

Bottom n-GRIN-SCH

u- Al0.27Ga0.20In0.53As
↑

n- Al0.47In0.53As

1.07
↑

0.81

-
↑

1.0×1017
u-0.005

700

n-0.095

(b) Bottom n-SCH n- Al0.47In0.53As 0.81 1.0 × 1017 0.030 700

(a) Bottom cladding layer n-InP 0.92 1.0 × 1018 0.500 650

Substrate n-InP 0.92 5.0 × 1018 350 650

(a)

- W/2

Wd

x

N

W/2

SS

0
(b)

x

y
z

non-radiative
recombination center

n-InP clad

n-InP

p-InP

p-InP clad

W
Wd

regrowth interface

Fig. 2. (a) Cross-sectional structure. (b) Model of carrier density profile
around active region.

(48.6 μm was used in this case). If there were no non-radiative
recombination centers at the regrowth interface, which
corresponds to S·τ = 0, the normalized spontaneous emission
efficiency ηspon,BH/ηspon,BH0 should approach 1 even for a

narrow stripe width. The normalized spontaneous emission
efficiency curves for various S·τ values are plotted in Fig. 4.

III. MEASUREMENT RESULTS

A. Cleaning Time Dependence

We first investigated how the spontaneous emission effi-
ciency of BH lasers with various stripe widths varied with
thermal cleaning time at a fixed reactor temperature of 450°C
and PH3 atmosphere. Thermal cleaning time periods of 15, 30,
45, 60, and 90 min were used. The PH3/H2 gas flow rate was
kept at 300/5000 sccm, which was also used for the growth
of InP and GaInAsP crystals in our OMVPE system.

Fig. 5 shows RT-CW light output characteristics of
AlGaInAs/InP BH lasers for various stripe widths with a
500 μm cavity length fabricated using a thermal cleaning time
of 30 min. The lasing wavelength was around 1.34 μm for
all devices except for the device with W = 48.6 μm, which
did not operate under RT-CW conditions. While the threshold
current reduced with decreasing stripe width down to W =
1.6 μm, it increased for W = 0.6 μm with a drastically
reduced differential quantum efficiency ηd . The increase of the
threshold current can be attributed to an increase in the ratio of
non-radiative recombination current to total injection current.
The decrease of ηd can be attributed to an increase of an
absorption loss (inter valence band absorption: IVBA) and/or
heat generation because these devices were not bonded to heat
sinks. In order to evaluate the spontaneous emission efficiency
of these devices, we measured the light output characteristics
far below the threshold (I < 5 mA) as shown in Fig. 6. Light
output increased almost linearly with the injection current for
all devices, which means that amplification of spontaneous
emission is negligible and so the incremental slope of light
output to injection current is a measure of the internal quan-
tum efficiency. The considerable decrease in slope efficiency
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1.6 μm

n-InP
p-InP

p-InP

n-InP
Active layer

(a)

50 nm

(b)

Fig. 3. Cross-sectional (a) SEM and (b) TEM views for lasers fabricated by
the thermal cleaning conditions of 45 min in PH3 atmosphere at 650 °C.

Fig. 4. Normalized spontaneous emission efficiency for various values of
S·τ product as a function of the stripe width.

for stripe widths of less than 1.6 μm can be attributed to
non-radiative recombination at the regrowth interface.

Fig. 7 shows the normalized spontaneous emission
efficiency of BH lasers ηspon,BH/ηspon,BH0 as a function of
the stripe width for various thermal cleaning times at a fixed
500 μm cavity length. From this data and (1), the S·τ product
was estimated by the least-square method to be 619 (poor
fitting), 307, 315, 343, and 1723 nm for cleaning time periods
of 15, 30, 45, 60, and 90 min, respectively. However, for
the 15 min cleaning process, ηspon,BH/ηspon,BH0 did not reach
1 even for wide stripe (e.g., 8.6 μm or 18.6 μm) samples
because of the large non-radiative recombination components
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Fig. 5. Light output characteristics of AlGaInAs/InP BH lasers with various
stripe widths fabricated by thermal cleaning conditions of 30 min in PH3
atmosphere at 450 °C.

0

5

10

15

20

25

30

0 1 2 3 4 5
Current I [mA]

0.6 μm
1.6 μm
3.6 μm
5.6 μm
8.6 μm
18.6 μm
48.6 μm

30 min.-PH3-450 C
L= 500 μm
RT-CW
CL/CL

O
ut

pu
t p

ow
er
P

[ μ
W

]

Fig. 6. Light output characteristics below 30 μW of AlGaInAs/InP BH
lasers with various stripe widths fabricated by thermal cleaning conditions of
60 min in PH3 atmosphere at 450 °C.

observed at both the side walls and throughout the stripe. Thus,
a clear improvement was observed for a cleaning time range
of 30 to 60 min compared with 15 and 90 min.

B. Cleaning Atmosphere

Since an introduction of PH3 gas prior to the crystal growth
of GaInAsP/InP compounds in OMVPE is usually used to
prevent the desorption of phosphorus from the surface of the
P-containing substrate/wafer, we mostly investigated thermal
cleaning under PH3 atmosphere. However, in the AlGaInAs
compound system the group V material is As and so we tried
AsH3 as the atmosphere. Using the results of section III-A,
the cleaning time and the temperature were fixed at 45 min
and 450°C, respectively. The gas flow rate of AH3/H2 was
kept at 46.2/5254 sccm, which was the same as that used for
the growth of AlGaInAs crystals in our OMVPE system.

The normalized spontaneous emission efficiency of BH
lasers as a function of the stripe width under these conditions
is shown in Fig. 8. The S·τ product was 315 and 1033 nm for
PH3 and AsH3 atmospheres, respectively. PH3 was found to be
more effective even for regrowth on AlGaInAs crystals in our
OMVPE system. Furthermore, the S·τ value obtained with this
condition (45 min under AsH3 atmosphere) was larger relative
to that obtained for 15 min under PH3 atmosphere and this
shows that the regrowth interface quality of the device with the
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Fig. 7. Stripe width dependence of normalized spontaneous emission
efficiency for the thermal cleaning at 450 °C under PH3 atmosphere.
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Fig. 8. Stripe width dependence of normalized spontaneous emission
efficiency for thermal cleaning at 450 °C for 45 min.

condition of AsH3 for 45 min is inferior to that of PH3 for 15
min. Several reasons can be considered for this phenomenon.
(1) PH3 reacts with AlGaInAs to form AlGaInAsP with PH3
penetrating the porous very thin AlO film on the surface and
this higher bandgap AlGaInAsP keeps carriers away from the
surface. (2) Oxygen atoms in Al-O bonds were replaced by
phosphorus atoms for the PH3 flow, although further chemical
equilibrium analysis is required to determine the extent of this
reaction in the present experiment.

In addition, too long cleaning time periods such as 90 min.
degrade the quality of quantum wells and exposed surfaces
due to too much desorption of atoms and intermixing.

C. Cleaning Temperature Dependence

The dependence of regrowth interface quality on thermal
cleaning temperature was investigated for various cleaning
temperatures at a fixed 45 min cleaning time and PH3
atmosphere. Fig. 9 shows the normalized spontaneous emis-
sion efficiency of BH lasers as a function of the stripe width
for various thermal cleaning temperatures at a fixed 500 μm
cavity length. The S·τ product was estimated to be 344,
315, 15, and 302 nm for cleaning temperatures of 250, 450,
650, and 750 °C, respectively. Remarkably, thermal cleaning
at 650°C resulted in the highest normalized spontaneous
emission efficiency, achieving better regrowth interface quality.

In a previous report [30], the thermal decomposition of PH3
was found to increase at a temperature higher than 450°C.
At 650°C, the quality of the regrown interfaces was improved
most efficiently in terms of the reaction of atoms. However,

Fig. 9. Stripe width dependence of normalized spontaneous emission
efficiency for a thermal cleaning time of 45 min under PH3 atmosphere.
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Fig. 10. Stripe width dependence of normalized spontaneous emission
efficiency for AlGaInAs/InP and GaInAsP/InP BH lasers fabricated with a
thermal cleaning under PH3 atmosphere at 650 °C for 45 min and 450 °C for
60 min, respectively.

much higher temperatures, such as 750°C, degraded crystal
quality of AlGaInAs and GaInAsP due to the desorption of
As and P. From our experimental results, a thermal cleaning
temperature of 650°C was found to be an optimal condition.

D. Surface Recombination Velocity in AlGaInAs/InP and
GaInAsP/InP BH Lasers and Cleaning Temperature
Dependence

Generally, the GaInAsP/InP system is less susceptible to
oxidation compared to the AlGaInAs/InP system. However a
direct comparison of the S·τ product between these systems
has not been reported yet. We fabricated GaInAsP/InP BH
lasers (1.55 μm lasing wavelength) using the same etching,
wet cleaning, and regrowth processes used for AlGaInAs/InP
BH lasers are shown in Fig. 10. Please note two alloy systems
have difference optimum thermal cleaning conditions. The
previously reported S·τ product for GaInAsP/InP quantum
wire lasers was around 3 nm [27]. The lower S·τ product in
quantum wire structures may be attributed to the difference in
the 130 nm etched mesa height compared to the 1 μm height
for the BH stripe.

E. Lasing Properties

Finally, we measured the light output characteristics of
AlGaInAs/InP BH lasers with various cavity lengths. We com-
pared the cavity length dependences of the threshold cur-
rent Ith and the external differential quantum efficiency ηd .
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Fig. 11. Reciprocal external quantum efficiency of AlGaInAs/InP BH lasers
as a function of the cavity length for W = 1.6 μm fabricated with a thermal
cleaning time of 45 min under PH3 atmosphere.

TABLE III

LIST OF THERMAL CLEANING CONDITION LASING CHARACTERISTICS

FOR 45 MIN UNDER PH3 ATMOSPHERE, WITH L = 500 μm

Cleaning Temperature [°C] ηi [%] α [cm−1] S·τ [nm]

250 55 3 344

450 59 4 315

650 76 4 15

750 48 6 302

Fig. 12. Cleaning temperature dependence of S·τ product and internal
quantum efficiency for W = 1.6 μm fabricated with a thermal cleaning time
of 45 min under PH3 atmosphere.

Under the thermal cleaning conditions of 45 min under PH3
at 650°C, the lowest threshold current of Ith = 8.1 mA
(threshold current density Jth = 1.0 kA/cm2) and highest
external differential quantum efficiency of ηd = 66% was
obtained for a stripe width of W = 1.6 μm and a cavity
length of L = 500 μm. These values are comparable to or
even better than those reported for AlGaInAs/InP BH lasers
[5], [13]. Fig. 11 shows the cavity length dependence of
the inverse of ηd (both facets) for various thermal cleaning
temperatures. In Fig. 11, the y-intercept and slope were used
to estimate, the internal quantum efficiency ηi and waveguide
loss α, respectively, in Table III. α was less sensitive to the
cleaning temperature except at 750°C.

Fig. 12 shows the cleaning temperature dependence of the
internal quantum efficiency ηi and the S·τ product. The S·τ

product was drastically reduced while the highest ηi was
attained at a cleaning temperature of 650°C. From the com-
parison of the ηi and the S·τ product, a lower S·τ product
leads to better lasing characteristics, though better lasing
characteristics need not lead to a better S·τ product. Even
so, since an appropriate thermal cleaning condition leads to
higher internal quantum efficiency consistent with the cleaning
condition for the lowest S·τ product, our approach to evaluate
the sidewall recombination velocity is effective for improving
lasing characteristics of AlGaInAs/InP BH lasers.

IV. CONCLUSION

In conclusion, AlGaInAs/InP BH lasers emitting at a 1.3 μm
wavelength were fabricated under various thermal cleaning
conditions prior to the embedding growth. The regrowth
interface quality for different thermal cleaning conditions was
quantitatively evaluated in terms of the product of the non-
radiative recombination velocity and the carrier lifetime. We
found that a PH3 atmosphere gave better regrown interfaces
than an AsH3 atmosphere. A thermal cleaning temperature of
650°C over a period of 45 min gave the best lasing characteris-
tics for a five quantum well AlGaInAs/InP BH laser. The best
thermal cleaning process resulted in a typical threshold current
of 8.1 mA and differential quantum efficiency of 66% for a
1.6 μm stripe width and 500 μm cavity length. An internal
quantum efficiency as high as 76% was obtained under the
same thermal cleaning conditions. A good correlation between
low non-radiative recombination velocity and high perfor-
mance lasing characteristics was experimentally confirmed.

V. APPENDIX

Equations (A.7) and (A.9) can be derived as follows. Firstly,
the rate equation for the carrier density in the active region is
expressed as,

∂ N(x, t)

∂ t
= D

∂2 N(x, t)

∂ x2 − N(x, t)

τ
+ G (A.1)

where D is the diffusion constant of carriers, τ is the car-
rier lifetime, and G is the injected carrier density per unit
time. Here only the dependence on the stripe width direction
(x-axis) was considered for simplicity as shown in Fig. 2(b).
The surface recombination behavior is given by the definition
of surface recombination velocity as

± D
∂ N(x, t)

∂ x
= −S · N(x, t)

at x = ±(W/2 − Wd ) = ±A. (A.2)

At steady state, ∂ / ∂ t = 0, (A.1) reduces to

∂2 N(x, t)

∂ x2 = N(x, t)

τ · D
− G

D
, (A.3)

and (A.3) can be solved by using the boundary conditions
given by (A.2),

N(x, t) = τ · G− S · τ 2 · G

2
(
LDsinh(A/LD) + S · τcosh(A/LD)

)
cosh(x/LD) (A.4)



TAKINO et al.: IMPROVED REGROWTH INTERFACE OF AlGaInAs/InP-BH LASERS 977

where L D is the diffusion length, and L2
D = Dτ . The two

dimensional carrier density M [cm−2] in the x direction is
given by

M =
∫ A

−A
N(x)dx

×τ · G · A − S · τ 2 · G

LDsinh(A/LD) + S · τcosh(A/LD)
×LDsinh(A/LD). (A.5)

Using (A.5), we can estimate S but a direct measurement of the
total number of carriers in the active region is difficult. Thus,
in this paper we used the spontaneous efficiency ηspon, which
is the output power efficiency at low current injection level
with only spontaneous radiation, in order to estimate S under
the assumption that the non-radiative recombination factor is
independent of stripe width except for surface recombination.

Next, we will expand M in (A.5) in order to obtain an
expression for ηspon. When the stripe width is very wide and
the surface recombination at sidewalls can be negligibly small,
M can be rewritten as M0.

M0 = τ · G · A. (A.6)

Then the total number of carriers in the active region can be
computed by multiplyingM0 the active region thickness d , and
the cavity length L. The spontaneous emission efficiency of
a BH laser with a stripe width W normalized by that with a
very wide stripe width is

ηspon,BH
ηspon,BH0

=
M ·d ·L

τR+τN R

M0·d ·L
τR+τN R

= 1 −
S·τ
A

1 + S·τ
L D

coth
(

A
/

L D
) .

(A.7)

The power series expansion around A of coth(A/L D) can be
written as,

coth x = 1

x
+ x

3
− x3

45
+ 2x5

945
+ = 1

x
+

∞∑
n =1

22n B2nx2n−1

(2n)!
for 0 < |x | < π (A.8)

where Bn is the Bernoulli number. When the stripe width is
very narrow compared with L D as in quantum wire structures
[26]–[28], only the first term is picked up and (A.7) can be
rewritten as,

ηspon,BH

ηspon,BH0
= 1 −

S·τ
A

1 + S·τ
L D

· L D
A

= 1

1 + S·τ
A

,

A ≡ W

2
− Wd . (A.9)
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