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Abstract.  We have designed, fabricated and studied ultranarrow-
waveguide heterostructure lasers emitting in the spectral range 
1000 – 1100 nm. The lasers have been characterised by cur-
rent – voltage, light – current, far-field intensity distribution and 
internal optical loss measurements. The ultranarrow-waveguide 
lasers have been shown to have a threshold current density of 
~75 A cm–2, internal quantum efficiency near 100 % and internal 
optical loss near the lasing threshold under 1 cm–1, which corre-
sponds to the level of standard heterostructures. We have demon-
strated the possibility of obtaining up to 5 W of output power in 
continuous mode and up to 30 W in pulsed mode, with a beam 
convergence (FWHM) of 17.8°. The slope of the internal optical 
loss as a function of pump current for the ultranarrow-waveguide 
lasers can be markedly lower than that in lasers with a standard 
design, but internal quantum efficiency drops to 40 % with increas-
ing pump current. The use of barrier layers in ultranarrow-wave-
guide lasers makes it possible to substantially reduce the drop in 
internal quantum efficiency.

Keywords: absorption coefficient, semiconductor laser, internal 
optical loss, pulsed pumping, energy barrier, ultranarrow wave-
guide.

1. Introduction

A topical issue in designing high-power semiconductor lasers 
for the spectral range 1000 – 1100 nm is the ability to improve 
their  output  optical  characteristics,  such  as  output  optical 
power, efficiency, spatial brightness and spectral brightness. 
The most efficient lasers are based on a separate-confinement 
double heterostructure and have a quantum well active region 
and broadened waveguide. Currently, lasers based on such a 
configuration have a near 100 % internal quantum efficiency 
and low internal optical loss at their lasing threshold [1], but 
their light – current (L – I) characteristic undergoes saturation, 
which prevents further improvement of their output charac-
teristics. There is ample evidence [2 – 6] that the main cause of 
the  saturation  is  the  rise  in  internal optical  loss with pump 
current and temperature. 

Advances in the technology of semiconductor lasers have 
made  it  possible  to  reduce  the  internal  optical  loss  due  to 
defects and inhomogeneities in heterostructures, so at present 
the internal optical loss at the lasing threshold is determined 
primarily  by  free-carrier  absorption  in  the  active  region. 
Piprek [5] and Wang et al. [6] attributed the observed increase 
in internal optical loss to the increase in carrier concentration 
in  the waveguide. One possible approach  to minimising  the 
internal optical loss and, accordingly, enhancing laser charac-
teristics is to minimise the thickness of the waveguide so that 
laser  light would  propagate  in  the material  of  the  emitters, 
where carrier concentration varies little. Gradient doping of 
emitters,  successfully  used  in  the  case  of  lasers  emitting  at 
1550 nm, made  it possible  to considerably  raise  their maxi-
mum power [7].

The objectives of this work were to calculate and fabricate 
working ultranarrow-waveguide heterostructure  lasers emit-
ting  at wavelengths  in  the  range  1000 – 1100  nm,  assess  the 
effects  of  basic  parameters,  such  as  the  doping  profile  and 
waveguide  thickness,  and  energy barrier  layers on  the  laser 
performance. Below, we present our first results on the fabri-
cation  and  investigation  of  AlGaAs/InGaAs/GaAs  lasers 
with an optimised ultranarrow waveguide design.

2. Experimental samples

Lasers  were  produced  using  MOVPE-grown  separate-con-
finement  double  heterostructures  with  quantum well  active 
regions  in the AlGaAs/GaAs/InGaAs solid solution system. 
The parameters of all the heterostructures grown in this study 
are presented in Table 1. The reference heterostructure used 
was structure 1, with a lightly doped waveguide broadened to 
3  mm  and  two  InGaAs  quantum  wells  intended  for  l  = 
1040  nm.  Structure  2  contained  an  ultranarrow  undoped 
waveguide  210  nm  in  thickness  and  a  wave  propagation 
region, including lightly doped parts of the emitters. The total 
thickness of  this  region was about 2.4 mm. Structure 3 also 
included  an  ultranarrow  undoped  waveguide,  150  nm  in 
thickness,  and  energy  barriers  on  the  waveguide – emitter 
interfaces,  which  were  expected  to  prevent  carrier  leakage 
from the waveguide to the emitter. The total thickness of the 
lightly  doped  part  of  the  emitters  in  structure  3 was  about 
4 mm. Structures 2 and 3 each contained one InGaAs quan-
tum well for a laser wavelength of 1040 nm.

All the lasers were made by a standard deep mesa process 
and  had  a  100-mm-wide  aperture  defined  by  angle-etched 
mesas,  which  suppressed  closed-mode  formation.  The  lasers 
had different cavity lengths and different reflectivities of their 
mirrors, which were formed by cleaved facets. In standard L – I 
and spectral measurements, we used lasers with a cavity length 
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L = 3000 mm and mirror reflectivities of 5 % and 95 %. The mir-
rors had dielectric coatings. Laser samples studied by launch-
ing probe light had a cavity length of 5100 mm and two antire-
flection-coated mirrors (R ≤ 5 %). Laser chips were mounted on 
copper heatsinks. In absorption coefficient measurements, free 
access to both cavity mirrors was ensured. To this end, we used 
a heatsink shorter than the laser sample.

3. Experimental study

Samples  having  3-mm-long  cavities were  studied  experimen-
tally  in  several  steps.  In  the  first  step,  standard  cw L – I  and 
current – voltage (I – V) measurements were performed and the 
divergence angle along the fast axis (normal to the heterostruc-
ture layers) was measured at room temperature. In the second 
step, pulsed  (100 ns, 1 kHz) L – I  characteristics of  the  lasers 
were  measured  as  described  elsewhere  [8].  The  peak  power 
Ppeak at a particular pump current was then calculated as

P
f

P P
peak

av d=
-
t

,  (1)

where Pav and Pd are the average and dark powers determined 
using a bolometer; f  is the pulse repetition rate; and t  is the 
pulse  duration  (evaluated  using  oscilloscope  traces  of  laser 
pulses).

The I – V curves of the lasers allowed us to compare their 
basic electrical characteristics – cut-in voltage and series resis-
tance   –  which were  evaluated  by  fitting  the  portion  of  the 
I – V curve between 1 and 2 A with a straight line, whose slope 
yielded the series resistance and whose intercept on the volt-
age axis yielded the cut-in voltage. The results are summarised 
in Table 2.

The internal optical loss aint, internal quantum efficiency 
hint and characteristic threshold current density Jth (1/L = 0) 
(Table 2) were determined in continuous mode by a standard 
method,  by measuring  the L – I  characteristics  of  the  lasers 
with different cavity  lengths near  their  lasing  threshold. All 
the  heterostructures  under  study  had  a  near  100 %  internal 
quantum efficiency at their  lasing threshold and an internal 
optical  loss  under  1  cm–1. The  lasers  based  on  heterostruc-
tures 2 and 3, with an ultranarrow waveguide, had a charac-
teristic threshold current density of ~75 A cm–2, which cor-
responds to the level of standard laser structures. Because of 
the larger number of quantum wells in heterostructure 1, the 
threshold current density in it was considerably higher.

Figure 1  shows characteristic plots of  the optical power 
against  pump  current  for  the  laser  samples  under  study  in 
continuous  and  pulsed modes.  In  continuous mode  at  low 
currents,  the heterostructures under  study have comparable 
output  powers  (Table  2).  At  currents  under  5  A,  the  best 
results were obtained for the laser based on heterostructure 3. 
At  higher  pump  currents,  however,  the  highest  power  was 
demonstrated by the lasers with the standard heterostructure 
(structure  1).  The  lasers  having  an  ultranarrow  waveguide 
and  energy barriers  (structure  3)  turned out  to have higher 
power than the lasers without them (structure 2).

Figure 2 shows far-field intensity distributions along the 
fast axis of the lasers studied. The output of all the lasers cor-
responded  to  the  fundamental  mode.  The  smallest  beam 
divergence (full width at half maximum) was offered by the 
laser structure 3, with an ultranarrow waveguide and barrier 
layers. The calculated divergences DqFWHM of the laser heter-
ostructures  1,  2  and  3  (20.3°,  24.6°  and  15.5°,  respectively) 
correlate with  the  present  experimental  data,  but  there  is  a 
marked error  in the case of heterostructures 2 and 3, which 
have ultranarrow waveguides. To improve calculation accu-
racy, it is necessary in the future to further develop the optical 
model of the structure, in particular to more accurately assess 
the  effect  of  doping  on  the  refractive  index  and  guidance 
properties of the heterostructure.

Table 1. Heterostructure designs.

Layer
No., composition, thickness and doping

1 2 3

Substrate GaAs GaAs GaAs

Buffer
GaAs
maximum, N+

GaAs
maximum, N+

GaAs
maximum, N+

N-emitter
AlGaAs (10  %)
1.5 mm
maximum, N

AlGaAs (15 %)
1 mm
maximum, N

AlGaAs (15 %)
1 mm
maximum, N

1.2 mm
minimum, n

2 mm
minimum, n

Barrier – –
AlGaAs (30  %)
300 Å
minimum, n

Waveguide

GaAs
1.73 mm
minimum, n

GaAs
1000 Å
undoped

GaAs
700 Å
undoped0.2 mm

undoped

QW
Two 90-A-thick 
InGaAs QWs 

InGaAs
90 Å

InGaAs
90 Å

Waveguide

GaAs
0.2 mm
undoped

GaAs
1000 Å
undoped

GaAs
700 Å
undoped1 mm

minimum, p

Barrier – –
AlGaAs (30 %)
300 Å
minimum, p

P-emitter
AlGaAs (30 %)
1 mm
maximum, P

AlGaAs (15 %)
1.2 mm
minimum, p

AlGaAs (15 %)
2 mm
minimum, p

1 mm
maximum, P

1 mm
maximum, P

Contact
GaAs
0.3 mm
maximum, P+

GaAs
0.3 mm
maximum, P+

GaAs
0.3 mm
maximum, P+

Table 2. Main parameters of the heterostructures.

Average Structure 1 Structure 2 Structure 3

Rd/mW 49 87 208

Vcut/V 1.145 1.2 1.25

hint (%) 98 93 95

aint /cm–1 0.71 0.6 0.49

Jth (1/L = 0)/A cm–2 121 76 78

Pcw (I = 5 A)/W 4.1 3.6 4.2

Ppulse (I = 50 A)/W 38 21 25

qFWHM/deg 19.6 28.5 17.8
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The L – I  characteristics  of  the  5100-mm-long  laser  sam-
ples were measured in pulsed mode and, to analyse free-car-
rier  absorption  in  the  waveguide  layers  of  the  heterostruc-
tures, probe light was launched (the technique used to mea-
sure the absorption coefficient was described in greater detail 
elsewhere [9]).

In our free-carrier absorption measurements, probe light 
was coupled into the end facet of the laser sample under study 
in pulsed mode by a lens system. Its wavelength exceeded the 
laser  wavelength  in  order  to  eliminate  the  fundamental 
absorption and analyse only  free-carrier absorption. At  the 
output of  the sample, we measured the probe signal power. 
The change in the absorption coefficient aint was calculated as

( )
( )

( )
lnI L P I
P I1 0

int
2

1aD =
=c m,  (2)

where P1 is the probe signal power at the output of the sample 
without pumping and P2 is the probe signal power at the out-
put of the sample at pump current I. P1 and P2 were evaluated 
using oscilloscope traces obtained from a photodetector.

The  parameter ∆aint  is  the  absorption  coefficient  change 
induced  in  the heterostructure by  current  I. At  zero  current, 
∆aint is zero. From the actual optical absorption in the hetero-
structure, i.e. from the internal loss in the laser, ∆aint differs by 
a  constant  term, which  is  independent  of  current  and  arises 
from scattering by impurities and inhomogeneities in the wave-
guide. It is convenient to evaluate this term at the lasing thresh-
old from the known measured internal optical loss. The absorp-
tion  coefficient  change  measured  at  the  lasing  threshold, 
∆aint(Ith), by launching probe light is always smaller than the 
actual internal optical loss measured by the standard method 
(Ith  is  the threshold current). The difference between the two 
values  is  the sought current-independent, constant  term. The 
sum of the constant term and measured ∆aint(I  ) determines the 
true dependence of the internal optical loss on pump current. 
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Figure 1. (a)  CW  and  (b)  pulsed  light – current  curves  of  the  lasers 
based on heterostructures ( 1 ) 1, ( 2 ) 2 and ( 3 ) 3.
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Figure 2. Measured divergence of the lasers based on heterostructures 
(a) 1, (b) 2 and (c) 3.
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Figure 3. Internal optical loss as a function of pulsed pump current for 
the lasers based on heterostructures ( 1 ) 1, ( 2 ) 2 and ( 3 ) 3.
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Clearly, at I = Ith this dependence passes through the optical 
loss value obtained by standard measurements.

The  internal  optical  loss  data obtained  are presented  in 
Fig. 3. The lowest internal optical loss at the lasing threshold 
is offered by heterostructure 3, which has barrier layers and 
an ultranarrow waveguide (see Table 2). The aint of hetero-
structures 2 and 3, both having an ultranarrow waveguide, is 
lower than that of structure 1, which has a broadened wave-
guide. However,  because  of  the  stronger  dependence  of  its 
internal optical  loss on pump current, heterostructure 3 has 
the highest internal optical loss at currents above 30 A.

4. Discussion of results

The  present  experimental  data  (output  power  and  internal 
optical loss) for the laser samples with a cavity length of 5.1 
mm allow their internal quantum efficiency to be estimated as 
[10]

( )
( ) ( )

I I I
P I

hv
q I

int
int

th

out

out

outh a
a a

=
-

+ ,  (3)

where Pout is the output optical power in pulsed mode; Ith is 
the peak threshold current; I is the pump current of the laser 
sample under study; aout  is  the external optical  loss; aint  is 
the  internal optical  loss; q  is  the electron charge; and hv  is 
the photon energy. The calculation results are presented in 
Fig. 4. It is seen from these data that the internal quantum 
efficiency  of  heterostructure  1  approaches  100 %  and  is 
essentially independent of the pump current. The quantum 
efficiency of heterostructure 3, which has barrier layers, falls 
off to 80 % at pump currents below 15 A and is essentially 
constant at higher pump currents. Heterostructure 2 has the 
lowest quantum efficiency, which drops to 40 % with increas-
ing pump current.

On the whole, all the laser heterostructures are compara-
ble in power characteristics, but at the present stage the lasers 
based  on  the  ultranarrow-waveguide  heterostructures  are 
somewhat inferior in power characteristics to the lasers with 
the standard heterostructure design, which  is mainly due to 
the rapid decrease in internal quantum efficiency with increas-

ing pump current in the former lasers. The addition of barrier 
layers to the heterostructure design makes it possible to raise 
the internal quantum efficiency and, accordingly, the output 
optical power, but leads to a slight increase in the slope of the 
internal optical loss as a function of current, possibly because 
of the higher carrier concentration in the waveguide.

For  further developing and optimising  the ultranarrow-
waveguide laser design, it is important to ensure an appropri-
ate doping profile in the emitters. In this study, owing to the 
large  thickness  of  the  lightly  doped  part  we  were  able  to 
obtain  low  threshold  internal  optical  losses  (at  a  level  of 
0.5  cm–1)  in  heterostructure  3.  However,  it  follows  from 
Table 2 that this impaired its electrical characteristics (series 
resistance above 200 mW). In this context, heterostructure 2 is 
more optimal: it has a considerably lower series resistance (at 
a level of 90 mW) on account of a slight increase in internal 
optical loss.

5. Conclusions

We  have  designed  and  fabricated  ultranarrow-waveguide 
laser  heterostructures  emitting  in  the  wavelength  range 
1000 – 1100 nm. A number of electrical and optical measure-
ments  have  been  performed  on  laser  samples  based  on  the 
heterostructures.  Ultranarrow-waveguide  heterostructure 
lasers have been shown to have acceptable threshold charac-
teristics: threshold current density at the level of  lasers with 
standard designs, internal quantum efficiency near 100 % and 
internal optical loss under 1 cm–1. The output power obtained, 
5 W in continuous mode and 30 W in pulsed mode, does not 
exceed the level of lasers with a standard, broad waveguide. 
Nevertheless,  the  ultranarrow-waveguide  heterostructure 
design  offers  considerable  room  for  performance  optimisa-
tion by varying  the doping profile and waveguide  thickness 
and  utilising  energy  barrier  layers.  These  latter  have  been 
shown  to  help maintain  a  high  internal  quantum  efficiency 
(up to 80 %) as the pump current increases, whereas without 
barriers it drops to 40 %. In the ultranarrow-waveguide het-
erostructures,  the  internal optical  loss  also  rises with pump 
current,  but  its  gradient may be  lower  than  that  in  hetero-
structures with standard designs.

Further research in this area should be directed towards 
a  search  for  and  optimisation  of  heterostructure  designs, 
especially  the  emitter doping profile  and waveguide  thick-
ness.
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