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Abstract.  We have studied the spectral characteristics of multi-
mode semiconductor lasers with high-order surface diffraction 
gratings based on asymmetric separate-confinement heterostruc-
tures grown by metalorganic vapour phase epitaxy (l = 1070 nm). 
Experimental data demonstrate that, in the temperature range 
±50 °C, the laser emission spectrum is ~5 Å in width and contains 
a fine structure of longitudinal and transverse modes. A high-order 
(m = 15) surface diffraction grating is shown to ensure a tempera-
ture stability of the lasing spectrum dl/dT = 0.9 Å K–1 in this tem-
perature range. From analysis of the fine structure of the lasing 
spectrum, we have evaluated the mode spacing and, thus, experi-
mentally determined the effective length of the Bragg diffraction 
grating, which was ~400 mm in our samples.

Keywords: semiconductor laser, distributed Bragg reflectors, 
higher orders of diffraction.

1. Introduction

Owing to their unique properties, high-power semiconductor 
lasers  have  become  an  indispensable  basic  component  of 
instruments  and  systems  in  a  number  of  application  areas. 
The progress of modern technologies and the advent of high-
power  semiconductor  lasers  made  it  possible  to  achieve 
record-high  performance,  including  the  optical  power,  effi-
ciency  and operational  life  [1,  2]. The  semiconductor  lasers 
possess,  however,  not  only  huge  advantages  but  also  some 
properties  that  limit  their  application  fields  in  science  and 
technology.  One  drawback  of  high-power  semiconductor 
lasers with a Fabry – Perot cavity  is  the  large width of  their 
output spectrum and the poor temperature stability of their 
emission wavelength. The  shape and position of  the output 
spectrum of ‘classic’ semiconductor lasers with a Fabry – Perot 
cavity are determined primarily by the gain spectrum of their 
active region (quantum well). The broad spectrum is due to 
the multimode nature of the emission from high-power broad-
stripe semiconductor lasers. The broadening of the laser out-
put spectrum with increasing pump current is related to fun-
damental transport processes and carrier capture in the quan-
tum-confined active region [2, 3]. The shift of the spectrum to 

longer  wavelengths  is  caused  by  the  heating  of  the  active 
region and the associated change in its band gap.

To obtain a narrower and more temperature-stable laser 
output  spectrum,  one  can  use  integrated  components  that 
ensure a sharp spectral dependence of the (useful) output loss. 
Thus,  the width of a  lasing  spectrum and  its variation with 
injection current and temperature will depend on the proper-
ties  of  a  specific  component.  Single-mode  semiconductor 
lasers with internal diffraction gratings have long been under 
development and investigation [4 – 6]. Since first- and second-
order diffraction gratings are technologically difficult to pro-
duce  in  lasers  with  a  stripe  contact  width  of  ~100  mm,  an 
important  issue  was  to  create  multimode  semiconductor 
lasers with a long-period surface Bragg grating (order of dif-
fraction m > 6) [7 – 10]. A significant advantage of the cavity 
design with  a  long-period  surface Bragg  grating  over  other 
possible approaches  for narrowing and  stabilising  the  spec-
trum of a semiconductor laser is the relative simplicity of the 
fabrication process. Since all  the  elements of Bragg diffrac-
tion gratings have relatively large dimensions, they are fabri-
cated using a  standard photolithographic process and  reac-
tive ion etching. 

Our group’s previous work was concentrated on the theo-
retical analysis and [7] and power performance [8] of distrib-
uted Bragg  reflector  (DBR)  semiconductor  lasers. The pur-
pose of  this work was  to  study  the output  spectra of DBR 
semiconductor lasers in a wide temperature range.

2. Experimental samples and main investigation 
techniques

Experimental  samples  were  prepared  from  a  laser  hetero-
structure grown by metalorganic vapour phase epitaxy in the 
GaAs/AlGaAs/InGaAs  solid  solution  system.  The  hetero-
structure  had  the  form  of  an  asymmetric  separate-confine-
ment double heterostructure (SCDHS): a 90-Å-thick strained 
InGaAs quantum well was inserted in an Al20Ga80As wave-
guide layer, which was sandwiched between n- and p-emitters 
(Al30Ga70As and Al25Ga75As)  [11]. A  surface Bragg grating 
was produced on the surface of the heterostructure by stan-
dard  photolithographic  and  reactive  ion  etching  processes 
(Fig. 1a). Next, using standard post-growth steps, we fabri-
cated multimode lasers with a broad mesa stripe contact [12]. 
The stripe contact width (emission aperture size) was 100 mm. 
The  diffraction  grating  period  was  2.4  mm,  which  corre-
sponded to the 15th order of diffraction in Bragg’s condition 
for  an  emission  wavelength  of  1070  nm.  A  dielectric  was 
deposited  on  the  grating  region,  and  an  Ohmic  gold – zinc 
contact was made on  the  rest of  the mesa  stripe. Thus,  the 
laser chip comprised  two sections: a gain  (injection) section 
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with an Ohmic metallic contact and a passive reflection sec-
tion  with  a  diffraction  grating,  through  which  no  current 
flowed (Fig. 1b). The reflection section was 800 mm long, and 
the length of the gain section was varied from 1.5 to 3 mm. 
The laser chips were mounted, with their p-contact down, on 
a copper heat sink. The end faces of the chip (the mirrors of 
the Fabry – Perot cavity) were produced by cleaving.

The output spectrum of the DBR semiconductor laser was 
measured with  an Advantest Q8384  spectrum  analyser. All 
measurements were made in cw mode. To assess the tempera-
ture  effect  on  the  laser  output  spectrum,  the  heat  sink  and 
laser were  placed  on  a  Peltier  element  located  on  a  copper 
base with  internal  channels,  through which water  or  liquid 
nitrogen vapour was passed. Measurements at negative tem-
peratures (below the dew point temperature) were performed 
in a nitrogen vapour atmosphere to prevent frost formation 
on the laser chip.

3. Spectral characteristics of DBR semiconductor 
lasers

The output spectrum of a broad-stripe DBR semiconductor 
laser has a characteristic spectral width and fine inner struc-
ture  (Fig.  2).  The width  of  the  output  spectrum of  a DBR 
laser is determined primarily by parameters of the Bragg dif-
fraction grating, which  include the effective refractive  index 
contrast  for  electromagnetic  radiation  between  the  grating 
grooves and ridges and the number of lines [13]. The lower the 

contrast,  the  narrower  the  reflection  spectrum  of  the DBR 
and, at the same time, the lower the reflectance of an individ-
ual grating  line. Therefore,  to  reduce  the width of  the  laser 
output spectrum, it is reasonable to reduce the contrast and 
increase the length of the DBR (increase the number of lines). 
The latter, however, entails an increase in internal optical loss 
and  a  decrease  in  differential  quantum  efficiency.  In  our 
experimental  samples  of DBR  semiconductor  lasers  with  a 
15th  order  surface  diffraction  grating,  the  emission  band-
width was ~5 Å.

The fine structure of the output spectrum of a DBR semi-
conductor laser is determined by the presence of both longitu-
dinal and transverse (lateral) cavity modes in the semiconduc-
tor laser. The spectrum has a dominant mode, whose intensity 
exceeds  that  of  the  other  cavity  modes  (Fig.  2).  The  large 
number of longitudinal modes in the output spectrum of the 
DBR  semiconductor  laser  is  due  to  the  long  cavity  length. 
The  requirement  to  increase  the  cavity  length  of  the DBR 
laser is related to the fact that it is based on a separate-con-
finement heterostructure with a low internal loss, and increas-
ing the cavity length is necessary for reaching an appropriate 
gain  in  the  heterostructure  [14].  The  presence  of  transverse 
modes in the plane normal to the layers of the heterostructure 
is  determined  by  the  parameters  of  the  waveguide  in  the 
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Figure 1. (a) TEM image of a surface Bragg grating on a laser hetero-
structure and  (b)  schematic of  the  surface DBR semiconductor  laser: 
( 1 ) active region, ( 2 ) waveguide, ( 3 ) p-emitter, ( 4 ) n-emitter, ( 5 ) sub-
strate.
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Figure 2. Output spectra of a surface DBR semiconductor laser with a 
reflection section 0.8 mm in length and an gain section (a) 1.6 and (b) 
2.6 mm in length.
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SCDHS. In our case, the laser operates in a single (fundamen-
tal) transverse mode. This is supported by far-field measure-
ments along  the normal  to  the  epilayers of  the heterostruc-
ture. The large number of lateral modes in the plane parallel 
to the epilayers of the laser heterostructure can be accounted 
for by  the  laser  stripe  contact width  (100 mm) considerably 
exceeding the emission wavelength.

Thus,  as  pointed  out  above,  the  emission bandwidth  of 
the DBR  laser  can be  reduced by optimising parameters of 
the Bragg diffraction grating. To this end, one more parame-
ter  (along  with  the  grating  length  and  effective  refractive 
index contrast) should be taken into account: effective grating 
length.  Since  the  phase  change  of  an  electromagnetic wave 
near a reflection maximum can be thought to be linear, let us 
represent  a DBR by  a  discrete mirror  located  one  effective 
length from the origin of the grating [15]. Thus, the spectral 
spacing  between  neighbouring  longitudinal modes  is  deter-
mined by  the  sum of  the  length of  the gain  section and  the 
effective grating length:

nL2

2
l lD =

lD
,  (1)

L L L
n

L
2eff gs gs

2

l
l
D= - = -lD ,  (2)

where Dl is the spectral spacing between neighbouring longi-
tudinal  modes;  l  is  the  laser  wavelength;  n  is  the  effective 
refractive index of the medium; Lgs  is the length of the gain 
section; LDl is the calculated total cavity length; and Leff is the 
effective length of the Bragg grating.

We experimentally determined the effective length of the 
diffraction grating by measuring  the mode  spacing  in  semi-
conductor lasers having different lengths of the gain section. 
In our experimental samples, the standard length of the reflec-
tion section was 0.8 mm, and the  length of  the gain section 
was 1.6, 2.2 or 2.6 mm. Figure 2 shows typical output spectra 
of  the  experimental  samples  of DBR  semiconductor  lasers. 
Table 1 lists the mode spacings, calculated cavity lengths, gain 
section lengths and effective DBR lengths. For all the types of 
DBR semiconductor lasers, Leff is ~400 mm. It is worth point-
ing out that the large number of lateral modes (especially in 
the DBR lasers with short cavity lengths) made it difficult to 
determine the mode spacing, because we failed to find a set of 
equidistant longitudinal modes in some of the lasing spectra 
(Fig. 2a).

4. Temperature-dependent spectral characteristics 
of DBR semiconductor lasers

One  drawback  of  a  stripe  semiconductor  laser  with  a 
Fabry – Perot cavity is that a pump current and heating of the 
crystal of the laser diode shift its output spectrum. The main 

reason for this is that its gain spectrum varies with tempera-
ture. The band gap of  III – V  solid  solutions decreases with 
increasing temperature and, as a consequence, their emission 
spectrum shifts to longer wavelengths at a rate of 3 to 5 Å K–1, 
depending on the semiconductor solid solution system.

The spectra of the other parameters (external and internal 
optical  losses)  in  the  expression  for  the  lasing  threshold 
exhibit a very small or no temperature dependence:

g int outa a= + ,  (3)

where g is the modal gain; aint is the internal optical loss; and 
aout is the (useful) output loss.

The output spectrum of DBR semiconductor lasers varies 
rather little with temperature. Its variation is determined by 
the temperature dependence of the reflection spectrum of the 
Bragg diffraction grating. Bragg’s condition for the emission 
wavelength of the DBR laser has the form

m
n2l L

= .  (4)

This condition includes the effective refractive index n of the 
waveguide layer in the laser heterostructure and the diffrac-
tion grating period L, which are temperature-dependent. The 
temperature coefficient of the refractive index of Al30Ga70As 
is ∂n/∂T =  2.5 ́  10–4 K–1  [16]. The  linear  thermal  expansion 
coefficient of AlxGa1–xAs  solid solutions is L–1∂L/∂T = (5.73 
– 0.53x) ́  10–6 K–1 [17, 18]. Thus, we can estimate the temper-
ature-induced shift of the reflection spectrum of the distrib-
uted Bragg reflector on the surface of the multimode semicon-
ductor laser:

¶
¶

¶
¶ 0.86

d
d A K
T n T

n n
T

1 1.l l L L
= + - -cc m .

Figure 3  illustrates  the  temperature effect on the output 
spectrum of  the DBR semiconductor  laser. With  increasing 
temperature, the spectrum shifts to longer wavelengths. The 
lasing bandwidth  is within 5 Å  throughout  the  temperature 
range  studied.  Figure  4  shows  the  temperature-dependent 
position of the main maximum in the output spectrum of the 

Table 1. Parameters of the DBR lasers.

Length of the 
gain section/mm

Mode 
spacing/nm

Calculated 
cavity 
length/mm

Effective Bragg 
grating length/mm

1.648 0.085 2.054 0.406

2.240 0.065 2.631 0.391

2.600 0.056 3.012 0.412
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Figure 3. Temperature  effect  on  the  output  spectrum  of  the  surface 
DBR semiconductor laser.
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DBR laser in the temperature range 25 – 40 °C. The maximum 
shifts at a rate of ~1 Å K–1. When the frequency of the eigen-
mode reaches the edge of the reflection spectrum of the DBR, 
a  jump occurs  and another  longitudinal mode becomes  the 
main maximum. In some instances, we observe competition 
between  several  longitudinal  modes.  This  occurs  especially 
often in lasers with a small cavity length.

Figure 5 shows the temperature dependence of the long-
wavelength edge of the laser output spectrum. The measure-
ments were made  in  the  temperature  range ±60 °C.  Lasing 
was  observed  in  the  temperature  range ±50 °C. Raising  or 
lowering  the  temperature  beyond  this  range  resulted  in  the 
termination of lasing. The reason for this is that, with increas-
ing temperature, the gain spectrum of the active region and 
the  reflection  spectrum of  the DBR  shift  at  different  rates. 
When the critical temperatures are reached, the gain decreases 

to the point where lasing ceases. The dependence is linear with 
a slope dl/dT = 0.9 Å K–1, which agrees reasonably well with 
the above calculation results and is of the same order as an 
experimentally determined value reported previously [19].

Our experimental samples were prepared so that the max-
imum of the gain spectrum of the active region coincided with 
the reflection spectrum of the DBR at room temperature and 
low injection currents. At an excitation level of ~6Ith (where 
Ith  is  the  threshold  current),  lasing  ceased  at  temperatures 
below  – 50 °C and above +50 °C. Thus, for this type of laser 
heterostructure,  the  temperature  interval  in  which  a  DBR 
lasers operates is ~100 °C.

5. Conclusions

The integration of multimode separate-confinement semicon-
ductor lasers with ultralow internal optical losses [2, 14] and 
surface Bragg diffraction gratings of high orders (m = 15 in 
this study) [7 – 10, 19] has made it possible to reduce the lasing 
bandwidth to 5 Å and the temperature coefficient of the laser 
wavelength to 0.9 Å K–1. The temperature interval in which 
the gain spectrum of the semiconductor laser and the reflec-
tion spectrum of the DBR coincide to the extent that thresh-
old conditions are fulfilled is ±50 °C. Since multimode semi-
conductor  lasers have a  large  set of  longitudinal and  trans-
verse (lateral) modes, their output spectrum has a fine internal 
mode  structure,  which  cannot  be  eliminated.  At  the  same 
time, adjusting the contrast and effective length of the diffrac-
tion grating and reducing the internal optical loss in the sepa-
rate-confinement laser heterostructure, one can significantly 
optimise the characteristics of the DBR and reduce the emis-
sion bandwidth of the DBR semiconductor laser.
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Figure 4. Temperature effect on the position of the main maximum in 
the output spectrum of the surface DBR semiconductor laser. The open 
squares represent the experimental data and the dashed lines represent 
fitting results. 
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Figure 5. Temperature dependence of the long-wavelength edge of the 
output  spectrum of  the  surface DBR  semiconductor  laser.  The  open 
squares represent the experimental data and the dashed line represents 
fitting results.
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