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Thermal  Problems of the CW Injection  Laser 

Abstract: We describe the theoretical dependence of emitted light power  on  current in a continuously  operating  p-n junction laser, 
based on an  injection laser model previously  developed by the  author.  The analysis relates  power  output  to threshold current, electrical 
resistance,  thermal resistance, and external  quantum efficiency of the  laser, all quantities that  can  be independently  measured or cal- 
culated for particular structures.  The  equations  presented  thus  constitute a simple analytical model for both  thermal  design and diag- 
nosis of operation of cw  injection lasers. 

Introduction 
The  purpose of this paper is to  describe a calculation of 
the  steady  state light power  output of a  continuously 
operating p-n junction,  or injection, laser.  The calculation 
is based on  the simplified model of the injection laser  that 
was  used  previously in analyses of related  problems 
[ 1 - 31. The model has  also been  used to  discuss bista- 
bility in injection laser  operation[4] and the criterion 
developed in Ref. 1 for  continuous  operation  has  been 
extended  to include an additional  form of the  dependence 
of threshold current  on  temperature[5].  More sophisti- 
cated calculations of cw threshold currents  have  also 
been carried  out with the aid of an  electronic  comput- 
er[6]. 

These earlier works  have  addressed  the  question, 
Under what  conditions will an injection  laser operate 
continuously?  That is,  they have emphasized the  criteria 
for  continuous  operation  and bistability. Regarding the 
injection laser as a useful device, however,  one  also 
wishes to  know how much light power  can be  obtained 
from it. Our model is used  here to  derive analytical re- 
sults  relating to this latter question. 

The model may be  described as follows: 

1. Recombination of electrons and  holes releases energy 
in a planar  region, the p-n junction,  at a rate iV, where 
i is the  current through the  junction and V is the voltage 
drop in the  junction,  taken  to  be  the voltage  equivalent 
of the energy  gap of the semiconductor. Much of the 
energy  released becomes heat and flows through a ther- 
mal resistance P to a heat sink at  the ambient tempera- 

ture,  chosen as the  zero of temperature, causing the tem- 
perature of the  junction  to  exceed  the  temperature of the 
heat sink. 

2 .  Power may also  be  dissipated in electrical resistance 
in series with the p-n junction  at a rate i2R, where R is 
the series resistance.  This  heat flows through  a thermal 
resistance  to a heat sink and  such flow leads  to a term 
proportional to  the  square of the  current in the functional 
dependence of junction  temperature  on  current.  The 
magnitude of the  temperature  increase  at  the  junction 
depends on the geometrical  relationships  among junction, 
series  resistance, and heat sink. 

The effect is considered here in the framework of a 
result of Holm[7], which states  that  the  temperature 
increase  at  the  junction is that which would be  produced 
by the flow of the  Joule heat in the  series  resistance 
through half of the thermal resistance. Holm’s result 
is applicable  when the flow of heat and the flow of current 
away from the  junction  are geometrically  identical. Thus 
the increase of temperature  at  the  junction  caused by the 
production of heat in the  series  electrical resistance is 
+i2PR. If the  thermal and the electrical resistance prob- 
lems are geometrically  similar, then P K  = Ru, where K is 
the thermal  conductivity of the medium in which the  junc- 
tion is embedded  and u is its electrical  conductivity [ 1,3]. 

In  other  cases  the conditions for  the applicability of 
Holm’s  result are not satisfied and  the value of R in the 
expression  for  junction  temperature may not  be the  same 
as  the actual  electrical resistance of the  laser [8]. For 
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example, if most of the electrical resistance is on  one 
side of the  junction  and  the  heat sink is on  the  other side, 
all of the  Joule  heat must flow from the  junction  to the 
heat sink and the  value of R to be  used in the  formulas 
presented is twice the electrical  resistance. 

3 .  The threshold current it is an increasing  function of 
temperature; its  value  at the ambient temperature is io. 

4. Above  the threshold current, a fraction 7 of the re- 
combination  energy in excess of that required to  achieve 
threshold escapes  from  the  laser  as  photons of energy qV.  
The  spontaneous light emitting efficiency of injection 
lasers is small and the loss of energy from  the  laser by 
spontaneous emission is neglected. Thus  the remaining 
recombination  energy E ,  is converted  to  heat; 

E, = V [ i t  + (1-7) ( i - i J ] .  (1) 

The principal temperature  dependence of this  energy is 
in the  temperature  dependence of it. The weak tempera- 
ture  dependences of V and 7 are  not  taken into account. 

We introduce  the following approximations into  the 
thermal model of the  junction laser: 

1. The  dependence of threshold current  on  temperature 
is assigned the  form[9] 

i t =  io exp ( T I T , ) ,  ( 2 )  

where T ,  is a parameter with the dimension of tempera- 
ture.  This  form has  been  found to  represent experimen- 
tal data  about  as well as  other  forms  used, e.g., 

i t = i ’ [ l  + ( 3 )  

which could also  be  easily  programmed for computation 
or  data fitting. Equation ( 2 )  is preferred,  however,  to pro- 
vide  continuity and internal consistency with the previous 
two  papers [ 1,3] in this series. 

2 .  Other  laser  parameters, specifically, the thermal  re- 
sistance,  the electrical resistance,  the  quantum efficiency, 
and  the voltage are  taken  to be temperature independent. 

Thus  the  temperature of the  laser in the  steady  state is 

T = P[i tV + (1-7) (i-it) V + &PR] (4) 

and  the light output of the  laser is 

W = q [ i - i t ( T ) ] V ,  ( 5 )  

where  the  dependence of it on T has been  explicitly  in- 
dicated. 

The number of independent variables that  characterize 
the injection laser  can be  reduced by scaling, i.e., by 
normalizing current variables to  the threshold current  at 
ambient temperature, io, temperatures  to T , ,  and other 
variables to  appropriate combinations of io, V ,  and T , .  
This normalization is shown in Table 1 and  the remaining 

Table 1 Reduction of variables to dimensionless parameters. 

Quantity Reduced  variable 

1 

R 
T 
W 
P 

i* = ili, 
B = RPi,2/T1 
T* = TIT, 
w = W/i,,V 
P* = Pi,V/T, 

problem is characterized by the  thermal  resistance,  the 
electrical resistance,  and  the  external  quantum efficiency. 
The  equations corresponding to  Eqs. ( 2 ) ,  (4), and (5) are 

it* = exp T * ,  (6) 

T* = P* [i* (1-7) + ?it*] + +Bi*2, and (7) 

w = 7 (i*-’ * I t  1 (8) 

Special cases 
The  laser will not operate continuously if the  parameters 
P* and B are  too large. The criterion for  continuous 
operation when B = 0 is P* < l/e, and if B > 0,  P* must 
be even  smaller[ I ] .  If the conditions for  continuous 
operation  are satisfied, the  course of events  as  the cur- 
rent is increased is shown  in  Fig. l .  The applied current 
begins to  exceed  the threshold current, which is increas- 
ing because of the heating in the  junction region, at cur- 
rent ia. Above ia the  current rises faster  than it and the 
light output, which is proportional to the difference be- 
tween  the  current  and  the threshold current,  increases 
from  zero as shown in the figure. The threshold current, 
however, rises at an increasing rate  as  the  current is in- 
creased and  eventually  begins to increase  more rapidly 
than the  current itself. Thus  the light output  passes 
through a maximum at  current i ,  and  thereafter de- 
creases.  At  another point,  when the  current  is ib, the 
threshold current again becomes  equal to  the applied 
current  and stimulated  emission ceases. 

The  currents i ,  and ib are defined by the condition that 
the  power  outputs  be zero: 

0 = i,* - exp [P*i,* + &Bia*2] 

and 
0 = ib* - exp [P*ib* +&Bib**].  

Since  the heating due  to electrical resistance is propor- 
tional to  the  square of the  current, this  power loss is more 
important at  higher currents  and  causes  the  power  output 
to  decrease rapidly after  the maximum is passed.  In many 
lasers Bi,*2 4 Phia* and P* can  be  determined as 

P* = In i,*/ia*. (10) 

Then B can be determined from ib*, at which current  the 
series  resistance  term is likely to  be important: 
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B = 2(ln ib*/ih* - In i,*/i,*)/ib*. (1 1) 

When the light output is zero, i.e., when the applied 
current has the value i, or ib, no energy is lost as light. 
Therefore  the turn-on and turn-off currents, i, and ib, are 
the  same  whether  or not the loss of energy  as photons is 
taken into account  [as may be verified by inspection of 
Eqs. (4) and ( 5 ) ]  and  are independent of 7. 

Complete  curves of light output  as a function of cur- 
rent  are readily constructed by varying the  parameter 
T* in the  equations 

i* = {[P*( I -~ ) /B] ’  + 2(T*-P* exp T*)/B}’12 

-P* ( I h ) / B  (1  2 )  

w = 7 (i*-exp T* ) . ( 1  3) 

It is straightforward to  solve  for  the  current  at maximal 
light output if the resistive  heating is neglected. The re- 
sult is 

i,* = [In (I/P*)-v]/(  l-q)P*, and (14) 

j,* - l t  ’ *  - - [In (I/P*) --I] / (  1-q)PC. (1  5 )  

The  course of events when loss of energy as light is 
taken  into account is shown in Fig. 2, which is analogous 
to Fig. 1. Below the threshold current value the  two 
curves  are  the  same.  Above  the threshold  value, how- 
ever,  the  laser  heats  less rapidly  than in the approxima- 
tion of Fig. 1 and the threshold current is less for  any 
given applied current. Because the heating is less the 
threshold current rises more slowly than in Fig. 1 and  the 
point at  which the maximum is attained is shifted to 
larger currents.  The value of the maximum is significantly 
increased. 

If the loss of energy as light is large enough, stimulated 
emission may persist to  currents  even larger  than ih; that 
is,  there is a region of thermal bistability in the  laser 
operation[4].  However, this bistability is found at  quite 
large currents and  a small amount of Joule heating, which 
has  been  neglected in Fig. 2, can destroy it. In  fact, a 
much more  pronounced bistability can  be  produced by 
trapping centers and  this has been observed [4, IO] .  Quan- 
titatively, the condition on  the  external quantum effi- 
ciency  and the thermal resistance  for bistability to  exist is 

7 > l/P*ih*. (16) 

A final point to be  noted in connection with the discus- 
sion of efficiency is that  the so-called “differential quan- 
tum efficiency,” which is obtained by differentiating the 
light output with respect  to the current  at  threshold, i.e., 

7 D  = dW/d( iV)  (17) 

is less than  the  “external  quantum efficiency” 7. This is 
because  as  the  current is increased above  the threshold 
value, the  temperature of the laser  increases and the 
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Figure 1 The  course of events with increasing current in a  con- 
tinuously  operating  injection  laser. The  laser  does not  turn on 
at i,,, the threshold current  at  the  ambient  temperature,  because 
this current  heats  the  laser  above  the ambient temperature.  The 
laser  turns  on  at  the  current i, when the  current itself, as indi- 
cated by the dashed line, begins to  exceed  the threshold current 
i,. The power output shown in the upper  part of the figure is 
proportional to i - it and  passes  through a maximum at i,. Above 
i, the threshold current  increases with current  more rapidly 
than  the current itself and the laser ceases  to  operate  at  current 
ill, where the  threshold current again exceeds  the applied current. 

threshold current also increases.  It is found by differ- 
entiating  Eqs. (4) and ( 5 )  or (6) and (7) that 

T D  7 [ I-P*i,* ( 1 + i,*B) 31 ( I--P*i,*T). (18) 

If B = 0, Eq. ( I  8) has the much simpler form 

r ) D = ~ ( l - l n  ia*)/ ( l -7  In i,*). (19) 

Example 
As an example to illustrate the application of this model, 
consider an injection laser  made  and described by Mari- 
nace[ 1 11. The light output of this  laser is shown  as a 
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Figure 2 Dimensionless parameters  representing  current and 
power  output of an  injection laser (analogous to Fig. 1) when  the 
loss of energy as light is taken into account in calculating the 
temperature of the  junction.  The  curves  are  drawn  for the case 
P* = 0.1 5 ,  B = 0, and 7) = 0.5. Note  the region of bistability at 
large current.  The  dashed lines show  for comparison the  same 
quantities when the loss of energy as light is neglected in calcu- 
lating the  temperature. 

Figure 3 Observed  power  output  as a function of current  for 
the  laser  described in Ref. 11. 
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function of current in Fig. 3. The threshold current io, 
measured with short  pulses,  was found to  be 0.185 A. 
Thus  from Fig. 3, i,* = 1.19, ib* = 17.1,  and i,* = 13.5; 
with V = 1.5 V, w ,  = 2.92. 

One can determine  from  Eqs. (6) through (8) that this 
value of i,* corresponds  to P* = 0.146 if B = 0, which 
implies that ib* = 20.7. The difference between 20.7 and 
the  observed value is caused by series electrical  resis- 
tance, which is more effective at higher current levels  and 
reduces ib* without much effect on ,i,*. Using Eqs.  (10) 
and (1 1) one finds that B = 0.0023 would produce  the 
observed value of ih*. 

The  power  lost as light at  the peak of the  curve in Fig. 3 
is almost 20 percent of the  input  power;  thus radiation 
loss cannot  be neglected in calculating the  power  output 
curve. By analyzing  Eqs. (6) and  (8), we find that  the 
choice of laser  parameters P* = 0.145, B = 0.0023,  and 
g = 0.37 gives good values for  the  observable  quantities, 
namely, i,* = 1.19, i,* = 13.5, ih* = 17.1, and w,= 
2.85. Also, Eq.  (13) yields gD = 0.33, in good agreement 
with Fig. 3. 

Translating these  results into  dimensional properties 
of the laser requires a  knowledge of T I .  As in our pre- 
vious work[ 11, T ,  is chosen  to  be 55" C. Then  the  above 
value  for P* yields P = 29 deg/W, which is a reasonable 
value. For  example, 29 deg/W is the  thermal  resistance of 
0.025 mm (1 mil)  of GaAs in series with the  junction.  The 
value  found above  for B implies that R = 0.13 ohm, 
whereas it was estimated from electrical measurements 
that R = 0.19 ohm. 
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