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Abstract.  Longitudinal spatial hole burning (LSHB) in high-power 
semiconductor lasers is analysed by numerically solving one-dimen-
sional (1D) rate equations. Calculations are performed for GaAs-
based lasers operating at a wavelength of 1.06 mm. It is shown that 
the LSHB-induced decrease in output power can be accounted for 
by two mechanisms: build-up of spontaneous recombination and 
decrease in slope efficiency, equivalent to a rise in internal optical 
loss. We analyse the influence of different laser chip parameters on 
the magnitude of the LSHB effect. In particular, it is shown that to 
suppress LSHB it is preferable to increase the optical confinement 
factor G. We examine the relationship between LSHB and other 
mechanisms capable of reducing the output power.

Keywords: semiconductor laser, longitudinal spatial hole burning, 
rate equations, internal optical loss, numerical analysis.

1. Introduction

High-power semiconductor lasers having a Fabry – Perot cav-
ity and operating at wavelengths of ~1 mm are the most effi-
cient  light  sources  (with  efficiency  above  60 %)  [1 – 3].  To 
maximise their efficiency and output power, various mecha-
nisms  capable  of  degrading  laser  efficiency  should  be  anal-
ysed  in  detail.  One  such  mechanism  –  longitudinal  spatial 
hole burning (LSHB) – is the subject of this study. This well-
known effect [4 – 9] builds on a nonuniform carrier concentra-
tion distribution along the semiconductor laser cavity axis. In 
studies concerned with numerical simulation of light – current 
(L – I) characteristics of lasers, LSHB is usually regarded as a 
process that enhances other output power saturation mecha-
nisms [10 – 13].

The  direct  effect  of LSHB on  laser  slope  efficiency was 
analysed  by  Avrutin  and  Ryvkin  [9].  Their  results  demon-
strate that, at high pump currents, the direct effect of LSHB 
can be described with sufficient accuracy using a single coef-
ficient, fLSHB, responsible for the relative increase in internal 
optical loss. As shown analytically and numerically, fLSHB is 
to a first approximation only determined by the reflectivity of 
the  output  mirror,  R2,  if  the  internal  loss  is  considerably 

smaller than the output coupling  loss and the reflectivity of 
the back mirror is R1 » 1.

It was also shown by Avrutin and Ryvkin [9] that, at low 
currents, the dominant mechanism behind the LSHB-induced 
decrease  in  output  power  was  the  increase  in  spontaneous 
recombination current (effective threshold current). Because 
of the rather small decrease in power (by less than 5 %), the 
LSHB  effect  has  received  relatively  little  attention,  but 
according  to our experimental data a  transition  from  lasers 
with mirrors formed by cleaved facets (with R1 = R2 » 0.3 and 
negligible LSHB)  to  lasers with dielectric mirrors produced 
by sputter deposition often leads to a marked drop in slope 
efficiency at a given level of output coupling losses. Besides, 
the magnitude of the LSHB effect can depend significantly on 
the epitaxial design of lasers. It is therefore reasonable to con-
clude that the indirect effect of LSHB (enhancement of other 
mechanisms  capable  of  reducing  laser  efficiency)  can  be 
important  even  at moderate  pump  currents.  Thus,  detailed 
analysis  of  LSHB  is  an  important  issue  in  designing  high-
power semiconductor lasers.

In most cases, output characteristics of high-power semi-
conductor lasers are determined using relations derived in a 
lumped zero-dimensional (0D) model [14]. In this work, 0D 
model  applicability  conditions  are  analysed  in  comparison 
with a 1D model that takes into account the LSHB effect.

2. Mechanism of the LSHB effect

Like in previous work [9], our analysis builds on rate equa-
tions describing the time-dependent balance between the elec-
tron concentration Ne in the active region and the lasing mode 
photon density Nph in the waveguide. In the 0D approxima-
tion, the rate equations have the form
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Here hi is injection efficiency; I is the pump current; q is the 
elementary  charge; Va = daWL  is  the active  region volume; 
Rsp = ANe + BNe

2 + CNe
3 is the spontaneous recombination 

rate; ug = c/neff is group velocity (where c is the speed of light 
in vacuum); g(Ne) = g0 ln(Ne /Ntr) is the material gain; G is the 
optical confinement factor; tph = 1/[ug(ai + am)] is the photon 
lifetime in the cavity; and am = (2L)–1 ln(1/(R1R2)) is the out-
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put coupling loss. The relation for am can be derived from the 
condition for the onset of lasing,

[ ( ) ] lndg N z R R2
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in the Ne(z) = const approximation. The parameters used in 
our calculations are listed below (z is a coordinate along the 
cavity axis):

In the absence of any saturation mechanisms (so that ai 
and hi are constant and g is only determined by carrier con-
centration), the following relations for a steady-state (dNe/dt 
= dNph/dt = 0) L – I characteristic of a  laser  can be derived 
from Eqns (1) and (2);
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Here h is slope efficiency (the slope of the L – I curve); Ith is the 
threshold current; Eph = hc/l is the photon energy (where h is 
the Planck constant); and Nth  is  the threshold electron con-
centration, which can be found from the relation Gg(Nth) = ai 
+ am. Thus, the output power P is a linear function of pump 
current I.

In Eqns (1) and (2), Ne and Nph are independent of spatial 
coordinates, i.e. longitudinal spatial hole burning is left out of 
account. To  take  into  account  this  effect,  it  is  necessary  to 
turn to 1D rate equations:
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where Nph
+  and Nph

-  are the densities of photons moving in 
the +z and –z directions. Equations (7) and (8) are subject to 
the boundary conditions  (0) (0)R N Nph ph1 =

- +  and  ( )R N Lph2 =
+

( )N Lph
- .
Consider now calculated L – I characteristics obtained by 

numerically solving 0D and 1D steady-state rate equations. If 
not stated otherwise, we give the total output optical power, 
i.e.  we  take  into  account  emission  from  both  sides  of  the 
Fabry – Perot  cavity.  Since  rate  equations  are  intended  for 
describing  laser operation above threshold, we used a mini-
mum current I = 1.05Ith, and Ith was evaluated from (5). The 
parameters used (see above) correspond to a typical design 
of  high-power  semiconductor  lasers  operating  at  a  wave-
length l = 1.06 mm [1, 2]. Gain as a function of electron con-
centration was described by a standard logarithmic function: 
g(Ne) = g0ln(Ne/Ntr). To find g0 and Ntr, we used experimen-
tally determined threshold current densities for different cav-
ity lengths (L) and optical confinement factors (G ).

Figure 1a shows light – current curves obtained with and 
without  allowance  for  LSHB.  It  is  seen  that,  in  the  1D 
approximation,  slope efficiency h  is not constant  (curve 3 ). 
For I ® Ith, it tends to the 0D value, determined by (4). With 
increasing current, h drops sharply and has a minimum near 
threshold. At high pump currents, h  stabilises. To  interpret 
the shape of the h(I ) curve, we introduce the concepts of local 
slope  efficiency  (h')  and  local  (or  effective  [8,  9])  threshold 
current (I 'th), defined as
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In  this case,  locality  is  taken to  imply  that, using these 
quantities,  an  equivalent  linear  L – I curve  described  by 
Eqn (3) can be constructed for each point of a nonlinear L – I 
curve. The concepts of local threshold and local slope effi-
ciency were first used by Golikova et al. [15] in analysing the 
saturation  of  measured  L – I characteristics  of  cw  lasers. 
Their physical meaning is as follows: to these threshold and 
slope efficiency values correspond the threshold concentra-
tion and optical  loss of  the semiconductor  laser at a given 
operating  point.  Thus,  we  can  separately  consider  two 
mechanisms  behind  the LSHB-induced  decrease  in  output 
power: build-up of spontaneous recombination and increase 
in internal optical loss. Figure 1b shows calculated h' (I) and 
I 'th(I) curves.

Replacing h and Ith  in  (3) by h'  and I 'th, we obtain  the 
following relation for slope efficiency h  in the 1D approxi-
mation:

( )
d
d

d
dI I

I I
I

th
thh h

h
h= + - -l

l
l l .  (11)

It is the last term in the right-hand side of (11) which is respon-
sible for the dip in the initial portion of the h(I ) curve. The 
rise  in  I 'th  is  also  the main  cause  of  the  decrease  in  output 
power near  threshold  (Fig. 1c). At high currents, h' and I 'th 
stabilise and the output power is determined by h'.

Figure 2a illustrates the mechanism behind the increase 
in local threshold current I 'th. The strong nonuniformity of 
Ne(z)  leads  to  an  increase  in  spontaneous  recombination, 

Wavelength, l/nm .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1060

Active region thickness, da/nm .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  9
Stripe width, W/mm .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 100
Cavity length, L/mm.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  3000
Reflectivity of the back mirror  

    (z = 0), R1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .0.95
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Shockley – Read – Hall recombination 

    coefficient, A/s–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  0
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coefficient, B/cm3 s–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  1 ́  10–10

Auger recombination  

   coefficient, C/cm6 s–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  5 ́  10–30

Gain coefficient, g0/cm–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  2140

Transparency concentration, Ntr/cm–3 .  .  .  .  .  .  .  1.77 ́  1018

Optical confinement factor, G.  .  .  .  .  .  .  .  .  .  .  .  0.87´ 10–2

Effective refractive index, neff .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .3.44
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which  can  be  regarded  as  an  increase  in  effective  electron 
concentration N'e  relative  to  threshold  concentration Nth. 
The  effective  concentration  is determined by  the  transcen-
dental equation

e )( ( )dR N
L

R N z1
sp sp e

L

0
=l y .  (12)

The  evolution  of  the  shape  of  the Ne(z)  distribution  with 
increasing  current  is  well  represented  by  the  I 'th(I)  curve 
(Fig. 1b). Near the lasing threshold, Ne » Nth at any point 
of the cavity. An increase in current leads to an increase in 
the density of photons, which begin  to  ‘burn out’  electrons 
near the output mirror. At high currents, the shape of Ne(z) 
stabilises.

As follows from (9), h' is determined by the photon den-
sity profile Nph(z). Figure 2b illustrates the effect of LSHB on 
this profile. Curve 1 is described by Eqns (7) and (8) provided 
the electron concentration is constant at Ne = Nth along the 
z-axis (no LSHB) and the average photon density is
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In other words, electron concentration and average pho-
ton density are  solutions  to  the system of Eqns  (1) and  (2). 
Curve 2 corresponds to a numerical solution to the system of 
Eqns  (6) – (8).  Clearly,  LSHB  increases  the  average  photon 
density in the cavity, which is equivalent to a decrease in slope 
efficiency.  Like  in  the  case  of  electron  concentration,  the 
shape of Nph(z)  sharply changes above  threshold and stabi-
lises at high currents, as evidenced by the h'(z) curve (Fig. 1b).

3. Effect of laser design on LSHB

As mentioned above, to take into account LSHB in design-
ing  high-efficiency,  high-power  semiconductor  lasers  it  is 
important to understand which laser parameters have a sig-
nificant  effect  on  LSHB.  Consider  first  the  influence  of 
changes in cavity length L and output mirror reflectivity R2 
–  two  laser  design  parameters  that  are  determined  by  the 
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Figure 1. (a) Light – current curves obtained using rate equations in the 
0D ( 1 ) and 1D ( 2 ) approximations and the ratio of the slopes of the 
curves ( 3 ); (b) ratios of the local threshold current I'th and local slope 
efficiency h' to the values obtained in the 0D approximation; (c) total 
drop in output power in the 1D model ( 1 ) and the drop caused by the 
increase in local threshold current ( 2 ).
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Figure 2. (a)  Threshold  electron  concentration Nth  in  the  absence  of 
LSHB,  electron  concentration Ne  distribution along  the z-axis of  the 
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( 2 ) with LSHB. Pump current I = 10 A.
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final  step  of  the  fabrication  process.  The  corresponding 
LSHB-induced  relative  power  loss  curves  are  presented  in 
Fig. 3. The shape of the curves leads us to conclude that the 
cavity length has different effects on the above two mecha-
nisms behind  the decrease  in output power:  rise  in  I'th and 
drop in h'. Increasing the output mirror reflectivity R2 con-
siderably reduces LSHB.

Figure  4  illustrates  that  it  is  important  to  take  into 
account LSHB in choosing L and R2:  it shows regions of L 
and R2 values that ensure the highest efficiency (above 99 % of 
the maximum  level)  at  a  given  output  power.  To map  out 
these regions, an  inverse problem was solved: we  found the 
current  necessary  for  obtaining  a  given  output  power.  To 
convert the current to efficiency, we used the best fit plot of 
voltage against current density obtained from the measured 
current – voltage characteristics. It is seen that the distinction 
between the 0D and 1D models can be very significant. Thus, 
it is important to take into account LSHB in optimising the 
structure of lasers intended for operation at moderate output 
powers (about 1 – 10 W at W = 100 mm).

Consider now laser parameters that are determined by the 
epitaxial  growth  process.  There  is  particular  interest  in  the 

optical confinement factor G, because it depends on the wave-
guide design and the number of quantum wells and therefore 
can vary in a rather wide range. It is seen from Fig. 5 that G 
has  a  marked  effect  on  LSHB  and  that  it  is  preferable  to 
increase it. Varying the gain coefficient g0 leads to very simi-
lar results.

Comparison of curves 1 and 4  in Fig. 5 leads us to con-
clude that increasing the Auger recombination coefficient C 
leads to a larger drop in power in the initial portion of the 
L – I characteristic. The C value chosen by us for compari-
son  is an order of magnitude higher  than  that used  in our 
calculations  (see  Section  2),  which  corresponds  to  lasers 
operating at a wavelength l = 1.55 mm. The radiative recom-
bination coefficient B has a similar (but weaker) effect. To 
interpret these results, it is worth turning to previous work 
by  Ryvkin  and  Avrutin  [8],  which  demonstrates  that  the 
increase  in  I 'th  is  caused  by  nonlinear  g(Ne)  and  Rsp(Ne) 
behaviour. Thus, the increase in the coefficients B and C or 
average electron concentration due to a decrease in G and g0 
leads to a rise in I 'th, as evidenced by the increase in both the 
height  and width  of  the  peak  in  the  initial  portion  of  the 
DP(I) curve.

At  the  same  time,  local  slope  efficiency h', which deter-
mines the slope of the L – I curve at high currents,  is a very 
weak  function of  the  epitaxial  structure parameters  consid-
ered above. It is determined primarily by the internal optical 
loss ai. The DP(I) curves corresponding to ai = 0.5, 1.0 and 
1.5 cm–1 are presented in Fig. 6a. It is seen that, at high cur-
rents,  the  relative LSHB-induced  decrease  in  power, DP,  is 
essentially  proportional  to  ai.  This  finding  is  important 
because the increase in internal optical loss as a result of the 
absorption by free charge carriers is thought to be the main 
mechanism behind the saturation of the L – I characteristic of 
high-power  semiconductor  lasers  operating  in  pulsed mode 
[13, 16]. Figure 6b shows L – I curves calculated in the ai = ai0 
+ kJ approximation (where k = 1.2 ´ 10–4 cm A–1 and J is cur-
rent density) [16, 17]. In this case, taking into account LSHB 
leads to an about 30 % larger relative drop in output power as 
a result of the increase in ai.

Another mechanism behind the decrease in output power, 
which is often interpreted in terms of LSHB, is carrier leakage 
into the waveguide [10, 18], which increases the absorption by 
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Figure 3. LSHB-induced drop  in  the output power of  lasers with  ( 1 ) 
L = 3000 mm and R2 = 1 %, ( 2 ) L = 1500 mm and R2 = 1 %, ( 3 ) L = 
6000 mm and R2 = 1 %, and ( 4 ) L = 3000 mm and R2 = 3 %.
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Figure 4. Regions of  cavity  lengths L  and R2  reflectivities  that maxi-
mise efficiency at a given output optical power, obtained by solving 0D 
(without LSHB) and 1D (with allowance for LSHB) rate equations.
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Figure 5. LSHB-induced drop in the output power of lasers with ( 1 ) 
G  = 0.87 % and C = 5 ´ 10–30 cm6 s–1, ( 2 ) G = 0.43 % and C = 5 ´ 10–30 
cm6 s–1, ( 3 ) G = 1.74 % and C = 5 ´ 10–30 cm6 s–1, and ( 4 ) G = 0.87 % and 
C = 5 ´ 10–29 cm6 s–1.
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free charge carriers and reduces injection efficiency hi. Since 
the leakage is determined by not only the carrier concentra-
tion in the active region but also band bending [10, 13], it can-
not be estimated in the model used in this study. We note only 
that comparison of Eqns  (4) and (5) with  (9) and (10)  indi-
cates that, in the case of hi = const, the magnitude of hi has no 
effect on LSHB.

Two-photon absorption (TPA) [19, 20] and gain satura-
tion processes are also sometimes thought to be responsible 
for  the  saturation of  the L – I characteristic of high-power 
semiconductor lasers. To a first approximation, two-photon 
absorption can be regarded as an increase in internal optical 
loss  by  aTPA  =  bTPAJ(z),  where  bTPA  is  the  two-photon 
absorption  coefficient  and  J(z)  is  the  local  light  intensity, 
proportional  to  the  square  of  the  photon  density  Nph. 
Clearly,  in  this  case  taking  into  account nonuniformity of 
the photon distribution  along  the  cavity  axis  has  a  strong 
effect  on  TPA.  Indeed,  for  the  laser  design  described  in 
Section 2 and  bTPA = 20 cm GW–1, a transition from the 0D 
to  the  1D model  led  to  an  almost  twofold  increase  in  the 
TPA-induced relative drop in power. Gain saturation is, in 
turn, usually taken into account using the following modifi-
cation to the gain function:

e
( , )

1
( )

g N N
N

g N
e ph

ph

e
=

+
,  (14)

where e is the gain saturation coefficient. In our calculations, 
we detected no correlation between LSHB and gain satura-

tion,  because  these  two mechanisms behind  the decrease  in 
output power were independent of each other.

4. Conclusions

The numerical analysis carried out in this work leads us to a 
number  of  conclusions  as  to  the  importance  of  taking  into 
account  the LSHB  effect  in  designing high-power  semicon-
ductor  lasers.  In particular, as a  result of LSHB the widely 
used 0D model of a  laser  [Eqns (1) – (5)] no longer provides 
accurate results even at moderate pump currents. An increase 
in error can be caused by low reflectivity of the output mirror, 
large internal optical losses, a low differential mode gain and 
a high spontaneous recombination rate.

One consequence of the distinction between the 0D and 
1D models was illustrated in Fig. 4. At a given laser design, 
to each output power corresponds some optimal reflectiv-
ity of the output mirror, at which the pump current is low-
est. In both the 1D and 0D cases,  the optimal reflectivity 
tends to zero with increasing power, but this occurs at dif-
ferent rates.

Another  problem  related  to  the  inaccuracy  of  the  0D 
model is that lasers with dielectric mirrors produced by sput-
ter deposition differ in slope efficiency from lasers with mir-
rors formed by cleaved facets. The latter type of laser is typi-
cally used to determine the internal optical loss, the minimisa-
tion of which is a key issue in epitaxial design development. 
As a  result of LSHB, however,  lasers  showing  the best pri-
mary characterisation results, may have a considerably lower 
performance after mirrors are produced.

Taking  into  account LSHB  is  of  greatest  importance  in 
modelling the saturation of L – I characteristics. To maximise 
the output power, use is typically made of lasers with a large 
cavity  length  and  low  reflectivity  of  their  output  mirror. 
Besides, one of the key mechanisms behind the saturation of 
L – I characteristics is often the growth of the internal optical 
loss, which is rather often minimised using structures with a 
‘thick’ waveguide and, as a consequence, with a small optical 
confinement  factor  G.  All  these  factors  contribute  to  the 
LSHB effect, which enhances other saturation mechanisms.
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