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• where one can use a Fourier expansion of the right hand side and obtain 

- (T-2dT2(x ,y ) ldy  - (T idTi (x , ( i ) /dy \y=Q 

=  J A f B  +  4 : J / B  I  ^  s i n { k n A / 2 ) c o s { k n x ) ^  0 < |.r| < A / 2  

From the continuity of temperature T through the source plane, one can get = 

j32 and using above equations we can get 

A,. = , (4.5) 
^ <^2^2,7?) 

Finally by comparison of the n = 0 terms we find 

^(<^^1,0+ '^2''2,0) 

The above discussion represents a method for obtaining the temperature distri

bution at all points in all layers knowing the structural dimensions, the material of 

each layer, and the position and strength of the source. Once these are all known 

we start from the evaluation of kn. We then use equations 4.2 and 4.3 to find the 

''2a,n 8.nd r2^_2 „ terms. Then using the recursive equation 3.4 for the top layers 

and bottom layers we find all the „'s. Finally we will use the equations 3.5 and 

3.6 to calculate all of the values of It is important to note that by knowing J, 

A-'n, and we will have a unique solution, and we can find the temperature 

at any point (x,y) in any layer using equation 3.1. 

4.3 Typical laser 

In a typical laser we may have heat generation by the active layer, ohmic losses 

and other heat sources. However, no matter how many heat sources we want to 
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Figure 4.3: Dimensions and thermal conductivities of a typical device structure 54 

include, using this model we can calculate temperature distribution of more than one 

heat source by superposition. 

Another important point to consider is that in a typical semiconductor DH laser 

the active layer has a finite thickness. This is also true for other heat sources that 

we would want to include. In our model, however, we consider sources with zero 

thickness at the interface of layers 1 and 2. To deal with a laser structure such as the 

one shown in Figure 4.3 we replace the active layer by two layers of half thickness 

each with the active source at the interface of the two (see Figure 4.4). 
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Figure 4.4: Model used for calculation of temperature distribution [54] 
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To get the average temperature of the active layer due to a source with the width 

of A (e.g., for the case of the heat source due to losses inside the active layer) we 

can do the following. When the temperature distribution is known we can get T for 

all points in layers 1 and 2, which are the layers on the top and bottom of the heat 

source. We can do a two dimensional integration to find the average temperature 

It should be mentioned that such a temperature calculation can, in general, be applied 

to any heat source (or sources) at any position by just changing 1 and 2 with fs and 

replacing .4 with .4* (which is the desired width of the given heat source) 54;. 

There are definitely more than one type of heat sources in a semiconductor DH 

laser. We can generally have three major types of heat sources. The major source 

of the most heat is losses inside the active region from nonradiative recombination 

and internal optical losses. Another source is current spreading and ohmic losses 

in the layer adjacent to the active region. The latter is called the ohmic losses (or 

passive layer heating). In the presence of carrier leakage the effect of ohmic losses 

will increase. The third type of the heat source is radiation that never leaves the 

laser although it leaves the active region as spontaneous radiation. This part of the 

radiation, which did not get absorbed inside the active layer, gets absorbed in the 

layers adjacent to the active layer, thus sometimes called the capping layer heating. 

In reality there may also be some heating due to poor contacts between the laser and 

average  

(2 /1/2 

(4.7) 

4.4 Heat Sources 
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the connecting conductors. This is called contact heating. These losses have been 

considered by several investigators [44, 45, 53, 54, 55]. 

It is important to note that in CW operation all these losses can contribute to 

the heating. Using the previously described formulation, one can approximate the 

effect fairly easily. The only difficulty is in the positioning of the equivalent heat 

source. As far as our model is concerned we can put as many sources as we desire and 

use superposition to get the net result. The way we include a source is by putting an 

equivalent power source at an appropriate boundary. For instance, for the case where 

heat is generated in the active layer, the heat source is assumed to be situated along 

a line at the center of the active layer. This way the active layer is considered to be 

two layers with a heat source in between. Despite the fact that this model seems to 

give a satisfactory approximation, one should realize that the actual position of any 

of these heat sources is really not exactly known. There is a great deal of uncertainty 

in the positioning of the heat sources using our model. In this study, however, due 

to the fact that we are isolating the active layer heating (in order to focus on the 

effect of only one kind of nonradiative loss at a time) we locate the active heat source 

in the middle of the active layer. This is a common practice, and seems to provide 

reasonable approximation of an actual system [45, 53, 54]. 

It needs to be mentioned that the effective temperature rise of the laser structure 

has a strong dependence on the position of the heat sources. However, it should be 

noted that the heat sources are really distributed (as a microscopic phenomena) all 

over the corresponding layers. 



www.manaraa.com

82 

4.5 Thermal Conductivity 

Using our model one needs to know thermal conductivity of each layer. Thermal 

conductivity is itself a temperature dependent entity. Hence, as the temperature of 

each layer changes, so does the thermal conductivity of the layer. However, thermal 

conductivity of InGaAsP material is still under investigation and all the questions 

about its thermal behavior are not answered. 

There have been different models describing thermal conductivity of InGaAsP 

[56, 571. Thermal conductivity of InGaAsP is also very sensitive to the doping type 

and concentration [37]. Once thermal conductivity of a typical composition of In

GaAsP is calculated, the approximation involved is uncertain enough that the tem

perature dependence of thermal conductivity can be neglected. It is observed that 

within the temperature range that we are interested (250-420 K) thermal conductiv

ity of InGaAsP is not greatly temperature dependent [58, 59, 60]. Consequently, for 

the purpose of this study we try to assume a reasonable value for thermal conductivity 

and neglect the temperature variations as a secondary effect. 

4.6 Calculation method 

After picking a laser structure for which we know the dimensions, the material 

types, and their constants such as conductivity, we can start our study of C'W op

eration. The idea is to study light output power versus injected current, and the 

behavior of the laser as we pump current continuously. Let us assume the laser is on 

a heat sink with a constant heat sink temperature of In order to start laser 

action we need to supply an injection current at least equal to (or greater than) the 
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' threshold current This current will be the smallest current possible to 

start the laser action. From then on, as we increase the injected current, the active 

layer will heat up, resulting in the need to calculate a new threshold current. One 

must remember that the governing equation is 

Fi(r) = r,(r](/-%) (4.8) 

where 

V  =  T  " o  -  r l  

in which Ig is the voltage across the active region and r is the series resistance of the 

laser. In the above equation the most important factor is T, the average temperature 

of the active region. In order to find that we use the two dimensional model discussed 

in this chapter in the following manner. 

First of all, when starting to increase injected current from we use the 

new current and the corresponding V to get the input power. This input power will 

be used in the boundary conditions. The input power will be divided by the surface 

area of the stripe source to get the equivalent active layer heat source assumed in 

our model to be situated in the middle of the active layer. Using this information, 

we can solve the two dimensional equation and find the average temperature of the 

active layer. Once we find the average temperature, we need to increase the injected 

current and find the new threshold current for the active layer tempera; ure. This 

process needs to continue until Pj^ becomes a negative number which means the laser 

action is stopped. Once again one should note that a negative power is not a physical 

entity. In our formula we get negative when equation 2.20 is no more valid. This 
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• means negative power indicates that lasing has stopped and nonlasing dissipation is 

taking place. The algorithm is as following. 

• STEP 1: Find 

• STEP 2: Start with I  =  ̂ t h ^ ' ^ s i n k ) -

• STEP 3: Find V and use -,—71 r as the boundary condition and 
[ac t i ve—layer—area)  

solve the 2-dimensional model to get A T .  

• STEP 4: Active layer average temperature is Tare = '^sink 

• STEP .3: Use Tave to find rj(Tav€)^ ^tfjiTave)^ and Pj^. 

• STEP 6: If P£ > 0. increase I with steps ofH.I^^iTave) where H is a constant 

(1, 2, 3, and so one for different steps) and goto step 3. 

• STEP 7: If < 0 stop. 

In the above algorithm it is interesting to notice the following points. First of 

all, there are some heat sink temperatures for which lasing action is not possible 

since is so high that Pj\ is always less than zero (which means the light out 

put is zero in reality). Second, 7^^ and ij at different temperatures have the Auger 

recombination effect in them, therefore as the average temperature of the active region 

increases there will be more Auger losses and the need for a higher injection current. 

This is the way that the effect of AP is incorporated into this study. Finally, using this 

method we can get versus I, the maximum possible output power, and maximum 

operating temperature together with other pieces of information about a given DH 

laser structure. 
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It should be mentioned that one of the strong points about this method is the 

fact that there is no need to use values of TQ and T^. TQ and are the character

istic temperatures for threshold current and quantum efficiency respectively. In an 

InGaAsP laser, these factors have intrinsic temperature dependences. However, in 

many investigations, they have been approximated as constant factors with a change 

after a break point [11, 18]. Using our 7^/ ,  and rj model we can calculate effective TQ 

and T£ values, even though there is no need for them in our calculation processes. In 

our CW study we get Jth and t] directly from our models. This is a very important 

characteristic of our model. The two characteristic temperatures are empirical factors 

and are used to help understand the experimental result of the behavior of InGaAsP 

lasers. In our theoretical model however, there is no need to use these tw^o factors, 

and we can calculate them as a by-product of our results. In the following chap

ter we will use the models for Tare, and Pj^ to make some calculations 

and compare them with some experimental observations to show the validity of our 

theoretical model. 
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5. RESULTS AND DISCUSSIONS 

To check the usefulness and success of our model, we need to look at its ap

plication in some practical systems. The results should really be viewed from two 

different angles. The first and more general one is to see if they make qualitative 

and intuitive sense. This means that the results should not contradict our general 

physical intuitions, since intuition is what led us to the proposed model. The second 

point of view is quantitative analysis, which means our results for , 7, and 

P£ must be in the same order of magnitude and behave similarly to experimental 

results that have been reported. Even though the true test of the validity of a model 

is its close correlation with experimental results, for the case of our model we should 

be limited to general agreements of our results with the experimental values. This 

is a cosequence of the lack of experimental data on the exact behaviors that we are 

interested in. Since we are only looking at the Auger recombination effect, our results 

will not be general enough to give a close correlation with experimental values. 

In this chapter we will look at the results provided by our model. We will 

start with the basic Haug model for ideal carrier density nj, threshold carrier density 

and threshold current density Once these calculations are introduced and 

discussed we will look at the results of the two dimensional temperature distribution 

and use that to calculate and Pj^ of lasers with typical structures. At the 
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Table 5.1: Measured wavelengths 
and energy gaps re
lated to different values 
of X and y in InGaAsP 

0.0 
0.15.5 
0.516 
0.610 
0.787 
0.906 
1.000 

y  

0.0 
0.083 
0.247 
0.280 
0.346 
0.395 

0.466 

0.920 
1.005 
1.217 
1.301 
1.470 
1.546 

1.656 

E g  eV 
1.350 
1.234 
1.019 
1.019 
0.843 
0.802 
0.749 

end an overview of the model and final discussion will be presented. 

5.1 .Vj- Evaluation 

In order to get the values of injected carrier density for an ideal laser (nj) we 

will use Nilsson's method [511. We will not look in details of this process but simply 

present the results. It is important to realize that in the case of Ini_j,GaxAsyP'^_y 

different values of x and y (indicating the ratio of each material in the compound) 

will create material with different band structures, different band gaps, and different 

values. This study will focus on 1.3 /jm semiconductor injection lasers, since more 

experimental data are available for these lasers. For a 1.3 fim laser typical x and 

y values are y = 0.6055 and .r = 0.2794. Tables 5.1 and 5.2 show how energy gap, 

wavelength, and are effected by x and y. The relation between wavelength A and 

the energy gap Eg is given by equation 1.1. 
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Table 5.2: Calculated values of ri j 
for small variations of x 
and y at 300 K 

X y nj(xl0^"c77î 
0.599 0.27 10.02 
0.599 0.28 10.04 
0.600 0.27 10.01 
0.600 0.28 10.03 
0.608 0.27 9.94 
0.610 0.27 9.92 
0.610 0.28 9.95 
0.606 0.28 9.98 

Table 5.2 shows how the values of are related to changes in the x arid y. It is 

interesting to see that the values of n- are very sensitive to changes in both x and y. 

This is due to the fact that by changing x or y, we really are changing the shapes of 

the energy bands and the values of band gaps as well as the effective mass and the 

density of state. 

The values of are temperature dependent. One expects to see more carrier 

injection at a higher temperature, because due to more excitation there will be more 

carrier injection required. This characteristic is observed in Table 5.3. 

When we have doping inside the active layer, the values of the threshold carrier 

density for the ideal laser will change. Table 5.4 gives the results of calculations for 

the case of an n-doped active region at three different temperatures for different active 

layer dopings. Similar calculations for a p-doped active region are shown in Table 

5.5. Figure 5.1 shows this information graphically. 

In Tables 5.4 and 5.5 (as well as Figure 5.1) some very interesting phenomena 
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Table 5.3: Threshold 
injected carrier 
density (n,) for 
an ideal laser 
with intrin
sic active layer 
(A = 1.3//m ) 

T 

(A') (lO^ 'CTT? '  

50 0.679 
100 1.92 
150 3.53 
200 5.43 
250 7.59 
260 8.06 
270 8.52 
280 9.00 
290 9.49 
300 9.98 
.350 12.58 

400 15.37 
450 18.34 
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Table 5.4: values for different n-type doping levels (ng is the 
number of acceptors in the active region) at different 
temperatures (A = 1.3 jAm) 

"0 ni(T= 150 A') ni(T = 298 A') nj-(T = 400A') 

cm-^ (lol'cm-3) (lolTcm-3) (10lTcn;-3) 

0.0 3.53 9.88 15.37 
10l6 3.46 9.82 15.30 

5 X 10l6 3.21 9.56 15.04 

l o i "  2.90 9.24 14.72 
5 X IqI" 1.07 6.87 12.26 00 o

 0.22 4.44 9.498 

5 X lO^S 0.00 0.06 0.602 

Table 5.5: .V^ values for different p-type doping levels (pg is the 
number of acceptors in the active region) at different 
temperatures (A = 1.3 //m) 

fo ni{T = 150A') ni(T = 298 A') n^{T = 400 A') 

cm~^ (lolfcm-3) (lOlTcm-S) (lolfcm-3) 

0.0 . 3.53 9.88 15.37 
10l6 3.50 9.85 15.34 

5 X lolG 3.36 9.71 15.20 

10^' 3.21 9.55 15.03 

5 X lol" 2..30 8.37 13.78 
lOlB 1.65 7.20 12.45 

5 X 10l8 0.36 3.06 6.593 
10l9 1.10 1.53 5.30 
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Figure 5.1: Ideal injected carrier density nj as a function of active layer temperature 

for different active layer dopings a) n-type, and b) p-type (cc = cm^) 
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' are involved. First of all, for a given doping, an increase in the temperature (which 

is the active layer temperature) will result in an increase the ideal threshold carrier 

densities. On the other hand, for a given temperature, as the doping of the active layer 

increases, the ideal threshold carrier density decreases. This behavior can be explained 

intuitively. As the doping of the active layer increases there are more carriers available 

for recombination. Therefore, there will be less need to inject external carriers in order 

to reach the threshold. Consequently, for a laser with a higher active layer doping we 

need less ideal carrier density to achieve ideal lasing. 

Another interesting point from Tables .5.4 and 5.5 is the fact the lasers with n-

doped active layer require less ideal threshold carrier density than the p-doped laser. 

It is also true that for equal doping levels, an n-doped laser need less injection current 

than a p-type laser. It is the author's feeling that this effect is the manifestation of 

the fact that electrons have much smaller effective mass than holes. With a smaller 

effective mass they can be moved much easier and their effect of injection will be 

seen much sooner. This picture very qualitatively describes the effect and provides 

an intuitive way of understand the results. 

One should note that up this point in the discussion calculations no losses have 

been introduced. Although n/ values have temperature dependent, the temperature 

dependence of the ideal threshold carrier density is not a major contributor to 

the temperature sensitivity of the threshold current density. This point is especially 

apparent when one notices no sharp changes in the values of n, in 250-300 A' range. 
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5.2 A, B, and C Values for Calculation 

Knowing values of one can use equations 3.1 . 3.16, and 4.8 to get 

and the light output power Pj^, However, before going any further one needs to 

know the values of A, B, and C's for different situations. We know these values both 

theoretically and experimentally. Therefore, let us review what these values are. 

According to experimental results and theoretical calculations it is reasonable 

to choose the value of 10^ for A. There have been some experimental reports that 

indicate values up to lO^O for A in heavily doped InGaAsP materials f29. 33] 

but it is more commonly assumed to be around 10^. For the purpose of this study 

we will use the value 0.5 x 10® suggested by Haug and Buikhard [20]. 

The other coefficient is the bimolecular recombination coefficient or B { T ) ,  that 

obeys approximately a T~^l" law indicated by theoretical and experimental investi

gations [20, 33, 62, 63. 64, 6.5]. As a consequence the product = n^(300) x 10~^^ 

is independent of temperature. That is why for the different values of B(T) we use 

the following equation also suggested by Haug and Burkhard[20], 

For the Auger coefficients we will use the values reported by Haug in Table 

3.1. These values were originally presented in Figure 3.3. However. Haug made a 

correction in his results in 1987 and the values given in Table 3.1 are the corrected 

values [20, 25j. The original values are almost twice the corrected values. During this 

study we will use the corrected values given in Table 3.1. 

-3 
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Table 5.6: iVp and Jj.^ for an 
InGaAsP laser with an 
undoped active layer (d 

—  1  f i m )  

T "t Hh {(A 
(A') (10^7) (10l8) (-H cm^ 
100 1.92 0.290 0.935 
150 3.53 0.538 1.784 
200 5.43 0.847 2.977 
250 7.59 1.232 4.805 
300 9.98 1.793 9.313 
350 12.58 2.656 22.62 
400 15.37 4.031 69.78 

5.3 and Results 

Using the equations 2.1, 2.4, 2.5, 2.15. and 2.16 together with the values of A, B, 

C, and d (active layer thickness), we can approximate the values of (equations 2.15 

and 2.16) and (equations 2.1, 2.4, and 2.5) at different active layer temperatures 

and for various dopings. For example Table 5.6 shows the result for an InGaAsP laser 

with an undoped active layer. 

Figure 5.2 shows the our calculated result of for different dopings and tem

peratures for both p and n doped lasers. Due to the considerations of losses (specially 

of Auger losses) one can see the enhanced temperature sensitivity of around room 

temperature. We can see that the effect of increased losses results in a sharper in

crease of values compared to n[ values. A very interesting effect in these results is 

the fact that the threshold carrier density of lasers with doped active layers is smaller 

than those with an undoped active layer. As the doping increases (similar to the case 



www.manaraa.com

95 

00 

13 

A) n—doped InGaAsP DH Laser 

^ 6-1 

vi 
S 
O 

L. 

5 

1 
VI 0) 

4-

2 -

nO ; 

0-r-
150 200 250 300 350 400 

Temperature in Kelvin 

nO = I.OEt? 1/ee 

nO =_1.0E1.8 Vce 

nO = I.SêlS 1/ee 

nO = S.0E18 1/ec 

450 

B) p_doped InGaAsP DH Laser 
~o 

DO = 0 

pO = 1.0E18 l/CC 

DÛ =j.onsj/cç 
pO = I.0E19 1/CC 

2 -

150 200 250 

Temperature in Kelvin 
350 

Kelvin 

Figure 5.2: Threshold injected carrier density (n^^) as a function of temperature 

for different active layer dopings: a) n-type, and b) p-type (cc = cm^) 
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Table 5.7: Doping dependence of «p and 
in n-doped active layer InGaAsP 

lasers at 300 K 

(10l8) " i?  (lOl') ( l o l B )  
/(A 

{kA/cm 

0.0 9.98 1.79 9.313 
0.1 9..34 1.71 9.010 
1.0 4.53 1.11 7.347 
1.5 2.76 0.88 7.127 
2.0 1.601 0.73 7.337 
3.0 0.52 0.58 8.771 

10.0 7.6 X 10-4 0.5 .34.692 

for rîj) the threshold carrier density will decrease. On the other hand, due to losses, 

threshold current density will increase as the doping increases. This effect can be 

seen in Figure 5.3. 

Figure 5.3 shows another important result. The fact that the threshold current 

density is sharply increasing around the room temperature is something that has 

been experimentally verified. One can see in Figure 5.3 the behavior of the threshold 

current density is as expected. To give a better feeling about some of the relative 

values for n^-, and for different dopings Tables 5.7 and 5.8 give the results 

of some calculations. For the case of light to medium doping the n-type laser shows 

an initial decrease of (see Table 5.7). This is an effect from variation in the 

effective mass of the electrons and has not been experimentally verified. This is a 

very interesting fact theoretically, although no confirming experimental reports have 

been found so far. 

For the case of a p-doped active layer, all the values of injected carrier densities as 
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Figure 5.3: Threshold injected current density (Jf/i) as a function of temperature 
for InGaAsP lasers with different dopings: a) n-type, and b)p-type 
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Table 5.8: Doping dependence of fij, and 
in p-doped active layer InGaAsP lasers 
at 300 K 

"fV "(À - ^ th  ^  
( l O l B )  ( l O l ' )  ( l O l G )  [kAlcrr?)  

0.0 9.98 1.79 9.313 
0.1 9.65 1.75 9.39 

1.0 7.29 1.46 10.736 
1.5 6.36 1.35 11.80 
2.0 5.62 1.27 13.00 
3.0 4.50 1.14 15.68 

10.0 1.57 0.82 40.145 

Table 5.9: Comparison of calculated and experimen
tal values of (in 10^®c7n"~"'^)of a laser 
with undoped active layer (experimental 
results taken from Haug) [34] 

T { K )  100 150 200 250 300 

n^fj(theory) 0.29 0.538 0.847 1.2.32 1.793 
n^ijiexp.) 0.251 0.510 0.895 1.307 1.818 

well as the injected currents are larger than the corresponding n-doped ones. Tables 

5.7 and 5.8 illustrate this effect. 

The general behavior of values for and are very intuitively sound 

and provides a good qualitative check for the results. Quantitatively these results also 

show close correlation with experimental values. To indicate the close correspondence 

to the experimental values one can look at Table 5.9 which compares the theoretical 

approximations with the reported experimental values of threshold injected carrier 

densities at different temperatures. 
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Table 5.10: Experimental results for 

, and TQ at 300 K [24, 30] 

L a s e r  192 — 3 159 — 4 

D o p i n g  Z n  Z n  

PQ(CJN-^) GXLQLF 16 X LOLT 

NFA(10L8CN,-3) 1.7 1.5 

JF-L^IKAICM^) 23.85 27.69 

RO(A') 65 50 

If we look at the values of as a function of temperature given for an undoped 

laser as in Table 5.5, and if those values are compared to the values reported by Jung 

et al. (see Figure 2.8) 140], a close correlation and similar quantitative values for 

injected current densities can be observed. 

The reported data cited above and the results reported in the next section show 

the strength and validity of our method both qualitatively and quantitative or in

tuitively. That is why we adapt the same model in approximating the light output 

power under CW operation 

5.4 and TQ Calculation 

In this section further evidence for quantitative support of our method for the 

calculations of differential quantum efficiency at threshold , characteristic temper

ature TQ, and values are reported. First of all let us look at some experimental 

values in Table 5.10 as reported by Su et al. [29, 30] on some actual experimental 

lasers. 

Using the model introduced earlier, a similar type of lasers can be studied easily. 



www.manaraa.com

100 

Table 5.11: and TQ at 300 K for 
p-type active laver InGaAsP 
DH lasers 

PO(cm—'^) 8 X lOlf 16 X 10^' 

jV(^(10^8 2.0 1.8.31 

Jff^iKA/cm'^) 19.618 22.571 
To(A') 63.79 67.08 

The results from our approximation are given in Table 5.11. Looking at the results 

in Table 5.11 one should remember that, considering the approximations and the 

limits of our model, these are very good quantitative results and they support the the 

usefulness and accuracy of our model. 

In Table 5.11 we see a good approximation of the values for Tg given by our 

model. In reality, the characteristic temperature is a temperature dependent entity 

[44. 55]. However, one of the most important characteristics of our model, as described 

in the previous chapter, is the fact that although it predicts very reasonable values 

for TQ and T^, there is no need for such calculations. Table 5.12 shows some typical 

values for (threshold differential quantum efficiency), T^, and TQ as a function 

of temperature. 

One should notice the following about the results of Table 5.11: First, the values 

of 77 (differential quantum efficiency), and TQ are reasonable. Second, the values 

of which are calculated using Asada and Suematsu's model, are estimated with 

threshold injected carrier density as the number of carriers injected in the active layer. 

Even though this is an under estimated value for quantum efficiency, the results 

are not only reasonable but are very similar to the experimental results reported 
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Table 5.12: and TQ for different temperatures 
around the room temperature for an un-
doped active layer (reference T for TQ is 200 

K and for Tg is 255 K) 

T { K )  m T E i K )  To 
250 0.475 151.31 104.43 
280 0.376 124.0 93.74 
.300 0.307 111.41 87.70 
320 0.243 102.14 81.8 
350 0.165 92.81 73.97 

by Tamari, Asada and Suematsu, and Pankove. That is why we use this in our 

calculations (with confinement factor ( = 0.5). 

5.5 Light Output Power 

In order to use our model to study the CW operation of an InGaAsP DH laser, 

we need to specify particular structures. These structures must have some reasonable 

dimensions and characteristics to make the results more physically realistic. Conse

quently, we choose two basic structures with similar geometries to the ones studied 

by Steventon et al. [44]. Figures 5.4 and Figure 5.5 show our two structures which 

we will refer to as Lasers 1 and 2 respectively. Laser 1 and Laser 2 are very similar 

except for two specific layers. Laser 2 has a thicker passive layer (dp = iftm) and 

a thinner substrate [ds = 50fim) compared to Laser one (which has dp = 2//m and 

ds = 100/(773). All calculations will be made on both of these lasers to give the reader 

an idea of how different layer dimensions will effect the output. The width of the 

active layer (wa) shown as .4 in the figures will also be changed. However, active 
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Figure 5.4: Prototype laser for calculation of CW operation of InGaAsP DH lasers. 
This structure has a thin passive layer and a normal size substrate 
(Laser 1) 

layer thickness (da = 0.2 //m) will be kept the same for both of the lasers. Unfor

tunately, there are no experimental results measuring the type of light power output 

that we are interested in. Therefore, we have to examine our final result with respect 

to general behavior and magnitude of the quantities rather than with verification by 

experimental data. 

For the purpose of our study we will look at three different active layer widths. 

These will be called narrow-stripe (u;a = 10 /im), medium-stripe (u.'a = I5^ and 

broad area laser ( u;a=300 fim ). The operation of these lasers will be studied assuming 

different heat sink temperatures as well as different active layer dopings. We will study 

the results by considering the characteristic quantities (the maximum value of 

light output power P£ ), Im (the value of the injection current at which Pj^ takes its 
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Figure 5.5: Prototype laser calculation of CW operation of InGaAsP DH lasers. 
This structure has a thick passive layer and a relatively thin substrate 
substrate (Laser 2) 

maximum value), and AI (the range of injection current over which CW operation 

i s  p o s s i b l e )  f o r  d i f f e r e n t  h e a t  s i n k  t e m p e r a t u r e s  ( T f f ) .  W e  w i l l  a l s o  c o n s i d e r  A T f f  

which represents the range of heat sink temperatures over which CW operation is 

possible. However, ATff is only considered qualitatively, since theoretically we are 

not interested in the lower value of Tjj. We are really interested in the behavior of 

these lasers for Tjj values around room temperature. Thus, in this study we will 

consider the concept of AT^ very generally and use it for ^e purpose of comparison 

between different lasers. 

Figure 5.6 shows the results for narrow-stripe Lasers 1 and 2 with undoped active 

layers. The approximate results for the characteristic quantities (Pim, Imi and A/) 

of the lasers is given in Tables 5.13 and 5.14. 
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Table 5.13: Approximate characteristic values of 
Laser 1 (c?p = 2 //m, ds = 100 /um) 

with narrow-stripe ( lua = 10 fim, da 
= 0.2 iim) and undoped active layer 
(see Figure 5.6a) 

A/(-4) 
280 0.43 1.10 1.95 
290 0.37 1.08 1.87 
.300 0.32 1.06 1.80 
310 0.27 1.02 1.72 
320 0.22 0.99 1.65 

Due to the fact that Laser 2 has a thinner substrate than Laser 1, its active layer 

will be at a relatively lower average temperatures compared to Laser 1. Consequently, 

in all of the results reported in this study we will see that Laser 2 is capable of CW 

operation over a broader range of heat sink temperatures than Laser 1. This means 

that ATjj of Laser 2 is larger than that of Laser 1. This fact can be verified for the 

case of narrow-stripe type of lasers by the results reported in Tables 5.13 and 5.14. 

One can see that at the same heat sink temperature Laser 2 has a higher ^ 

and AI values than Laser 1. These values illustrate that Laser 2 has a better dynamic 

range for CW operation at the given heat sink temperature. 

There are some other general observations to be made regarding Figure 5.6. As 

the heat sink temperature increases the light output power will decrease. In Pj^ 

versus I figures one can see the lower output levels corresponding to higher heat 

sink temperatures. This is an important behavior since it shows how the losses are 

temperature dependent. This type of behavior can be seen in all of the versus / 

figures reported in this study. 
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A) Undoped InGaAsP DH Laser CW Operation 
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B) Undoped InGaAsP DH Laser CW Operation 
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Figure 5.6: Light output power versus input current for InGaAsP DH lasers with 
narrow-stripe (wa = 10 da = 0.2 /tm) undoped active layers: (a) 
Laser 1 {dp — 2 /im. ds = 100 fim), (b) Laser 2 (dp = 4 fim, ds = 50 
Hm) (see Tables 5.14 and 5.15) 
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Table 5.14: Approximate characteristic values of 
Laser 2 {dp = 4 f.im, ds = 50 jxm) 

w i t h  n a r r o w - s t r i p e  ( w g  =  1 0  f i m ,  d a  
= 0.2 fim) and undoped active layer 
(see Figure 5.6b) 

WA') flm(M') A I { A )  

280 0.89 1.65 3.01 
290 0.76 1.63 2.91 
.300 0.66 1.61 2.81 
310 0.56 1.58 2.72 
320 0.47 1..56 2.61 
3.30 0.40 1.53 2.50 

According to our formulation a negative calculated light output power indicates 

the condition of nonlasing. In the case of a heat sink temperature high enough to 

make the losses dominant, lasing can never take place. Figure 5.7 demonstrates how 

the behavior of light output power as a function of injected current is different in the 

case of two heat sink temperatures. The lower temperature allows lasing action to 

take place while the higher does not. The fact that the laser with the higher heat sink 

temperature has negative calculated light output power through the whole current 

range indicates that it never gets to lase. This point should be contrasted against the 

laser with its heat sink at the lower temperature value. Such a laser goes through a 

range for output power that indicates lasing action is taking place. This behavior of 

our model is physically what is expected. 

Figure 5.8 shows the calculated light output power versus injected current for 

medium-stripe (lua = 150 fim) lasers with undoped active layers and the characteristic 

quantities are given in Tables 5.15 and 5.16. In this type of laser, there is more current 
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A) Undoped InGaAsP DH Laser CW Operation 
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B) Undoped InGaAsP DH Laser CW Operation 
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Figure 5.7: Light output power versus input current for InGaAsP DH lasers with 
narrow-stripe [wa = 10 /xm, da = 0.2 fim) undoped active layers, 
demonstrating lasing versus nonlasing results: (a) Laser 1 (dp = 2 fim, 
d s  =  1 0 0  ( i m ) ,  ( b )  L a s e r  2  ( d p  =  i  ( i m ) ,  d s  =  5 0  f i m )  
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Table 5.15: Approximate characteristic values of 
Laser 1 {dp = 2 ds = 100 /xm) 

with medium-stripe { wa — 150 jum, 
da = 0.2 ^im) and undoped active 
layer (see Figure 5.8a) 

Plmi^V) 
260 0.15 
270 0.07 
280 0.001 

I m { A )  A/(.4) 
0.87 0.84 
0.82 0.60 
0.75 0.1 

injected into the active region. The average temperature of the active region will be 

rising faster than it would in narrow-stripe lasers. Consequently, there will be more 

losses in the active region and the laser light output power will be limited. Comparing 

Tables 5.13 and 5.14 with 5.15 and 5.16, one can see some interesting results. First, 

for a given heat sink temperature the values of the characteristic quantities Irri' 

and ùkl of the medium-stripe lasers are lower than they are for narrow-stripe lasers. 

This is a direct indication that the CW operation of medium-stripe laser is more 

restricted than for lasers with narrower stripes. In medium-stripe lasers the higher 

current levels in the active region and corresponding increase in the injection level will 

result in higher average temperatures of the active layer. This in turn will result in 

still higher losses. Second, the results of Figure 5.8 and Tables 5.13 to 5.16, together 

with the above discussion indicate lower values of for medium-stripe lasers. 

This means a narrower allowed range of heat sink temperatures for CW operation. 

In general, as the active layer of a laser gets wider, the current levels will be 

larger and the laser will only lase at relatively low heat sink temperatures. In the 

case of broad area laser the current levels are the largest. That is why the broad area 
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B) Undoped InGaAsP DH Laser CW Operation 
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Figure 5.8: Light output power versus input current for InGaAsP DH lasers with 
medium-Stripe {wa = 150 //m, da = 0.2 fim) undoped active layers: (a) 
Laser I [d-p = 2 ixm, ds = 100 nm), (b) Laser 2 {dp = i fim, ds = 50 
fim) (see Tables 5.15 and 5.16) 
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Table 5.16: Apptoximate characteristic values of 
Laser 2 {dp = 4 fim, ds = 50 fim) 
with medium-stripe (wa = 150 fim, 
da = 0.2 /im) and undoped active 
layer (see Figure 5.8b) 

P L m i ^ V )  I m ( A )  M { A )  
260 0.58 1.45 1.80 
270 0.43 1.35 1.61 
280 0.28 1.29 1.38 
290 0.16 1.19 1.06 
.300 0.05 1.08 0.62 

Table 5.17: Approximate characteristic values of 
Laser 1 {dp = 2 fxm, ds = lOÔ /i<m) 
with broad area { wq = 300 /.tm, da 

= 0.2 fim ) and undoped active layer 
(see Figure 5.9a) 

W A ' )  P L m i ^ V )  I m { A )  M { A )  
210 0.27 1.00 0.93 
220 0.15 0.94 0.72 
230 0.05 0.88 0.43 

lasers show lasing at heat sink temperatures much lower than the narrower stripe 

laser. This effect is demonstrated in Figure 5.9 and Tables 5.17 and 5.18. 

Tables 5.17 and 5.18 together with Figure 5.9 show that due to the high of 

injection currents in the active regions of the broad area lasers, CW operation of 

these lasers is only possible at very low heat sink temperatures compared with the 

narrow or medium stripe structures. Thus, due to the fact that losses inside the active 

regions of these lasers are dominant, ATfj for broad area lasers is the narrowest. At 
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A) Undoped InGaAsP DH Laser CW Operation 
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Figure 5.9: Light output power versus input current for InGaAsP DH lasers with 
broad area (u'a = 300 fim, da = 0.2 fim) undoped active layers: (a) 
Laser 1 (dp = 2 nm, dg = 100 fim), (b) Laser 2 {dp = i fim, ds = 50 
fim) (see Tables 5.17 and 5.18) 
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Table 5.18: Approximate characteristic values of 
Laser 2 (c/p = 4 //m, ds = 50 fim) 

with broad area (wa = 300 /tm, da 
= 0.2 ^m ) and undoped active layer 
(see Figure 5.9b) 

T f f ( K )  I m ( A )  A I { A )  
210 1.05 1.65 1.95 
220 0.82 1.55 1.80 
230 0.60 1.49 1.59 
240 0.41 1.41 1.34 
250 0.23 1.32 1.03 
260 0.06 1.20 0.57 

the same time the values of /m, and A I  for the same heat sink temperatures 

will be much lower for these lasers than the lasers with smaller active layer widths. 

Historically, the investigators in this area were forced to abandon broad area lasers 

to avoid excessive heating and instead concentrate on lasers with lower current levels. 

Our model clearly justifies and explains the need for this action. 

One would expect that under the condition of active layer doping and the resul

tant need for more injection to make the lasing action possible, the laser behavior 

would be more restricted than for the undoped cases. Figure 5.10 and Tables 5.19 and 

5.20 show the results for medium-stripe (wa = 150 /UTTI) lasers with p-doped active 

layers. The values in Table 5.19 should be compared with the values given in Table 

5.15 (the undoped case) and the values of Tables 5.20 and 5.16 should be considered 

together. 

In the case of p-doped active regions one can see that both Lasers 1 and 2 show 

that the doping increases Im and decreases the values of A/. This indicates 
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Table 5.19: Approximate characteristic values of 
Laser I {dp = 2 /.im, ds = 100 fim) 

with medium-stripe (wa = 150 fim, 
da = 0.2 nm) and p-doped active 
layer (see Figure 5.10a) 

T f f ( K )  P i ^ i W )  I m . { A )  M ( A )  
260 0.11 0.88 0.68 
270 0.02 0.82 0.32 

Table 5.20: Approximate characteristic values of 
Laser 2 {dp = 4. fim, ds = 50 //m) 
with medium-stripe {wa = 150 /jm, 
da = 0.2 fim) and p-doped active 
layer (see Figure 5.10b) 

H') I m { A )  A/(;4) 
260 0.52 1.44 1.57 
270 0.35 1.34 1.33 
280 0.20 1.27 1.05 
290 0.06 1.17 0.60 

a more restricted CW operation and narrower A T j j  range for. p-doped active layer 

lasers as opposed to undoped ones. In general our results show that lasers with 

heavier p-doped active regions require higher injection currents for lasing. This has 

a substantial effect on the dynamic range of CW operation of such lasers. This is an 

unfavorable effect, and that is why in actual systems utilizing InGaAsP semiconductor 

lasers we generally use undoped active layer lasers. 

Figure 5.11 and Tables 5.21 and 5.22 show the results for medium-stripe lasers 

with n-doped active layers. According to our model (comparing these results with 

the case of undpoed lasers in Figure 5.8 and Tables 5.15 and 5.16) some levels of 
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A) p-doped InGoAsP DH Loser CW Operation (p0=1.0E18 ycc) 
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Figure 5.10: Light output power versus input current for InGaAsP DH lasers with 
medium-stripe (wa = 130 fim, da — 0.2 fim) p-doped active layers: 
(a) Laser 1 (dp = 2 //m, dg = 100 fim), (b) Laser 2 (dp = 4 fim, ds — 

•50 fim) (see Tables 5.19 and 5.20) 
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Table 5.21: Approximate characteristic values of 
Laser 1 (dp = 2 fim, ds = 100 )um) 
with medium-stripe (WQ = 150 fim, 
da = 0.2 /jm) and lightly n-doped 
active layer (see Figure 5.11a) 

T f f i K )  P i r r ^ i W )  I m ( A )  M { A )  
260 0.78 0.91 0.93 
270 0.10 0.85 0.70 
280 0.03 0.78 0.38 

Table 5.22: Approximate characteristic values of 
Laser 2 (dp = A ^m. ds = 50 ^m) 

with medium-stripe (wa = 150 /.tm, 
da = 0.2 fim) and lightly n-doped 
active layer (see Figure 5.11b) 

T f f ( K )  P L m ( ^ V )  I m i A )  M ( A )  
260 0.64 1.47 1.87 
270 0.48 1.41 1.69 
280 0.33 1.32 1.46 
290 0.20 1.24 1.19 
300 0.08 1.14 0.80 

n-type doping of the active layer can results in higher 1-^, and AI values 

compared to the undoped case. It should be noted that this prediction has not been 

experimentally verified todate. The results suggest that with a moderate level of 

n-type doping, the optical output power can be enhanced. It would be very desirable 

to see this prediction verified. 

Figures 5.12 and Tables 5.23 and 5.24 show the predicted results for medium-

stripe lasers with n-doped active layers that are doped to higher levels than the ones 
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Figure 5.11: Light output power versus input current for InGaAsP DH lasers with 
medium-stripe [wa = 150 iim, da = 0.2 ) and lightly n-doped active 
layers: (a) Laser 1 {dp = 2 fim, ds = 100 (b) Laser 2 (t/p = 4 
fim. ds = 50 jim) (see Tables 5.21 and 5.22) 
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Table 5.23: Approximate characteristic values of 
Laser I [d-p = 2 fim, ds = 100 nm) 
with medium-stripe (wa = 150 /«m, 
da = 0.2 ^im) and n-doped active 
layer (see Figure 5.12a) 

T h ( K )  P i m i ^ )  I m ( A )  A/(.4) 
240 0.14 1.49 0.71 
250 0.06 1.45 0.46 

Table 5.24: Approximate characteristic values of 
Laser 2 (dp = 4 ds = 50 /urn) 

with medium-stripe ( wa = 150 /.tm, 

da = 0.2 fim) and n-doped active 
layer (see Figure 5.12b) 

T f f i K )  ^ m ( A ) A/(.4) 
240 0.84 2.32 1.97 
250 0.67 2.23 1.75 
260 0.51 2.20 1.56 
270 0..36 2.15 1.34 
280 0.22 2.10 1.06 

in Figure 5.11 and Tables 5.21 and 5.22. They indicate that at various higher levels of 

doping, CW operation of these lasers can be restricted (similar to the p-type doping 

results) and lasing can take place over a narrower range of values. 

5.6 Conclusion 

.A.S demonstrated by the calculations discussed earlier, our model successfully 

predicts the CW operation of InGaAsP DH lasers. These results show what we ex

pected from physical intuitive reasoning as well as giving quantitative values that are 
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A) n-doped InGoAsP DH Laser CW Operation (n0=6.0E18 1/cc) 
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Figure 5.12: Light output power versus input current for InGa.AsP DH lasers with 
medium-Stripe (wa = 150 fim, da = 0.2 fim) n-doped active layers; 
(a) Laser 1 (dp = 2 fim, ds = 100 nm), (b) Laser 2 [d-p = \  jxm), ds 
= 6 fim) (see Tables 5.23 and 5.24) 
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• reasonable. Unfortunately the type of measurements we need for detail comparison 

are not available. However, our results show the general behavior of the laser can 

be predicted by our model and that the quantitative values of the laser parameters 

are in agreement with those of a working semiconductor laser. For example as shown 

in Figure 5.13, we can look at the results reported for a typical laser. Figure 5.13 

shows the general behavior (under different conditions however than the one we are 

concerned with) of an InGaAsP Mesa-laser used in actual fiber optics systems [66]. 

Although our results are for DH lasers, one can see that our calculations provide 

similar light output versus injection curent behavior (see Figures 5.8 to 5.12). 

The important point in our study has been the fact that we could come up with 

a model for CVV operation of InGaAsP DH lasers that assumes the .\uger process 

to be the major nonradiative recombination type of losses. This type of modeling 

has not been previously applied to CW operation. In our work we incorporated a 

method proposed by Albert Haug in 1985 for such lasers. Extending his method and 

utilizing a model for quantum efficiency of InGaASP lasers we successfully predicted 

the behavior of InGaAsP DH lasers under CW operation. This was done by utilization 

of a two dimensional temperature analysis of the active layer to get better temperature 

values for our calculations. Important results are the fact that the model has very 

intuitive physical characteristics and shows reasonable predictions for light output 

power as a function of injected current. The model provides a straightforward and 

rapid way of getting practical answers which are usually obtained through a laborious 

and confusingly tedious processes. The model predicts reasonable values of all laser 

parameters, and shows a correct temperature dependence of the quantities. It is the 
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author's feeling that this model can serve as a préfabrication tool for InGaAsP/InP 

lasers. 

Another important point about the model developed here is that it is relatively 

simple to add other losses to it. For instance one can add the leakage current effect 

by a Dn^j^ term to equation 3.1. On the other hand, one can include ohmic losses 

and other types of losses by including appropriate boundary conditions for the two 

dimensional temperature calculations. These are some of the possibilities of this 

model to be addressed in the future studies. 

Finally, since we could successfully isolate and study the effects of Auger recom

bination on the light output power of InGaAsP DH lasers, wç can say that this effect 

proves to be one of the most important inherent loss mechanism in InGaAsP lasers. 

It is probably the most important reason for the acute temperature characteristics of 

InGaAsP lasers. 
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