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Mode Stabilization Mechanism of Buried-Waveguide 
Lasers with Lateral Diffused Junctions 

Abstract-The  mode stabilization behavior of the buried active wave 
guide  with lateral diffused junction is theoretically investigated. The 
study  shows that for an active waveguide of width around 5 pm with a 
lateral diffused junction in the middle, the single fundamental trans- 
verse mode is preferred as the injection level is raised. The theoretical 
results are found to be in good agreement with experimental results 
observed in the groove transverse junction InCaAsP/InP laser. 

T 
I. INTRODUCTION 

HE transverse modal control of semiconductor injection 
lasers is a subject of active research. Applications of semi- 

conductor lasers, for long-haul fiber-optics  communication, 
video-disk recording and readout, laser printing, etc., require 
high-power operation  of injection lasers combined with  a 
stable single mode. Hence, it i s  important to understand the 
mechanisms which affect the transverse modal behavior, es- 
pecially under high-power operation. 

In strongly guiding dielectric waveguide  lasers which can 
support several modes, such as the buried heterostructure (BH) 
or  the channeled substrate BH lasers, it is  very difficult to 
obtain  fundamental mode operation when the waveguide 
width is larger than -2 pm [l] . For vertical injection (i.e., 
the p-n junction is parallel to the wide dimension of  the wave- 
guide), spatial hole burning gives rise to a dip in the gain 
profile at the center  of the waveguide, which leads to preferred 
lasing at higher order modes. Some discrimination in favor of 
the fundamental mode can be provided by a very narrow stripe 
contact located centrally above the waveguide. 

In a recent work [ 2 ] ,  we  have demonstrated experimentally 
that in a wide (3-5 pm) buried waveguide with  a transverse 
junction  type  of injection (i.e., with a transverse p-n  junction 
located near the middle of  the waveguide), the gain profile 
favors lasing  in the  fundamental mode. In the following 
analysis we will show that as the  optical power increases, the 
gain profile becomes progressively narrower due to  the de- 
creased stimulated lifetime, and thus  the effective carrier 
diffusion length. If the transverse junction is situated near 
the center of the waveguide, this effect provides stabilization 
for the fundamental mode by increasing its gain relative to 
that of higher order modes. For simplicity, the analysis is 

carried out  on buried rectangular waveguide with  a  lateral 
diffused junction. Since, as will  be shown below, the lateral 
mode stabilization results mainly from the lateral diffusion 
of injected carriers, the results of the analysis can be applied 
to waveguides of  other shapes. Results of  the analysis will 
be compared with experimental observations of  the transverse 
modal behavior  of a grooved TJS laser with a crescent-shaped 
active region. Similar approaches had been carried out  on 
broad area P-p-n-N GaAs-GaAlAs vertical structures [ 3 ] - [ 7 ]  
in an  effort to stabilize the transverse mode pattern perpen- 
dicular to the  junction plane. The thickness of the optical 
cavity layer in  those  structures was limited to -2 pm,  and thus 
uniform gain had been assumed. In contrast,  the effect of 
diffusion of injected carriers on the gain  is  very significant in 
the present analysis. 

11. MODEL OF THE GAIN STABILIZED WAVEGUIDE 
In this work, we study in detail the gain stabilizing mecha- 

nism for  a laser with  a dielectric slab  waveguide structure 
shown in Fig. 1. The width  of  the waveguide is 2 W ,  and the 
junction is located at x = a where - W < a < W. Since guiding 
is due to a real-index profile, we take  the  optical transverse 
mode  intensity profile S(x)  as independent of the injection 
level: 

S ( X )  = so sin2 
n(m + 1) (x + b )  

2b 
1x1 < b  

S(x)  = 0 1x1 2 b 

b = W - $  t /w << 1 (2) 
where Sob is the  total optical power in the  mode, and m = 
0, 1 ,  2 , 3 , .  . . is the mode order. The geometrical shape of the 
crescent waveguide  is accounted for by taking positive  values 
of E .  The steady  state lateral distribution of the  photon den- 
sity and the excess carrier densities inside the active region are 
described by the following equations: 

- W < x <  w (3)  

/- +w 
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Fig. 1. Schematic diagram of the active waveguide with the lateral 
diffused junction at x = a .  

sion coefficient, nom is the minimal carrier density to achieve 
positive gain, A is the  optical gain constant, T~~ is the  photon 
lifetime, and T, is the  spontaneous carrier lifetime. For sim- 
plicity, we neglect the  contribution  of  spontaneous emission. 

Given a  photon  distribution S(x), one  can solve for A(x) 
from (3) and (4), and the injection current density can be 
calculated from  the resulting carriers density profde near x = a  

J = J p  (a+) + J, (a-) (6) 

where Jp is the injected hole  current density on  the n side, Jn 
is the injected electron  current density on  the p side, andJ is  
the  total current density. 

111. BOUNDARY CONDITIONS 

Since the waveguide  is surrounded by higher bandgap regions, 
we  assume at x = - W and x = W that 

Jp (+W) = 0 

J,(-W)=O 

Assuming thermal equilibrium is maintained throughout the 
waveguide, the Fletcher  boundary  condition [8] can be ap- 
plied at  the  junction x = a  to relate the carrier densities on 
both sides: 

nn ' An = 5 e-qV/kT 

nP +AP nP 

In (8) and (9), YE, and p p  are the majority carrier densities, 
with p n  and np the corresponding minority carrier densities on 
the n side and p side, respectively, at  thermal equilibrium. A, 
is the excess carrier density on  the n side, and Ap is that  on 
the p side. Vis  the applied forward bias voltage. 

Two cases of  interest are examined. In the first case, a p-n 
junction is located  at x = a with  a high-level injection into  both 
the p and n sides. From (8) and (9), we have at x = a 

Also, due to the high-level injection, Deff in (1) is equal to the 
ambipolar diffusion coefficient on  both sides. 

In  the second case, a  p+-n  junction  at x = a  produces a high- 
level hole injection into  the n side, and a low-level electron 
injection  into the p side. At x = a  from (8) and (9) we have 

[An(a+)12 = ~ p A p ( a - ) *  (1 1) 
In this case, Deff represents the ambipolar diffusion coeffi- 
cient on the n side, and Deff equals the diffusion coefficient 
of the n type carriers on  the p side. 

In the  appendix, a self-consistent method is outlined  for 
solving (3) and (4) for  the carrier density profiles, with  the 
photon profiles as  given in (l) ,  subject to the  boundary  condi- 
tions of (7), and the  junction  boundary  condition given in 
(8) or (9). 

IV. DISCUSSION OF THE CALCULATED RESULTS 
Case I :  Fig. 2 shows the calculated carrier profile in the 

case of a p-n junction,  with high-level injection into  both sides, 
assuming that lasing takes place predominantly in the  funda- 
mental  mode (m = 0). The carrier density profiles are shown 
for different injection current densities. The So's given in 
Fig. 2 are in units  of 1/(A7,) which takes  the value of 1.3 X 
1014 ~ m - ~ .  The value of nom is taken as 1.2 X loi8 ~ r n - ~ .  
T~ and T~~ are taken as 6 ns and 2 ps, respectively. The  width 
of  the waveguide is twice the ambipolar diffusion length 
(-2.6 pm), and ( is taken to be W/5. Fig. 2 shows how  the 
width (FWHM) of the carrier profile decreases as the injection 
current increases. An increase in the injection  current causes 
an increase in the optical power, which results in a decrease 
in both  the stimulated lifetime and hence the effective carrier 
diffusion length. As a result, the injected carrier profile nar- 
rows. To study  the effect of the  location  of the  junction  on 
the threshold current  density, the carrier density profiles with 
the  junction  located  at x = - 3  W/4  are shown in Fig. 3. At a 
given injection level, the overlap of  the gain distribution  with 
the fundamental  mode profie decreases as the  junction is shifted 
away from the center. This results in a  reduction in mode gain 
and thus  an increase in the threshold current density. Also, as 
the  junction approaches thex = - W boundary of the waveguide, 
the situation resembles the one-sided injection situation  in the 
TJS laser. As the portion of  the p side decreases, the injected 
electrons on  the same side become more laterally confined, 
and,  therefore, Jn(a- )  is reduced. The converse happens on 
the n side and thus Jp(a+)  increases as the  junction moves 
toward x = - W .  In Fig. 4, threshold  current density is plotted, 
for  the  fundamental mode (m = 0) and the first three higher 
order modes, as a  function  of  the  location of the  junction.  It 
is seen that, provided the  junction is located near the center 
of  the waveguide (x = 0), the fundamental mode has the lowest 
threshold current  density  and is thus favored. On the  other 
hand, if the  junction is located near the ends of  the waveguide, 
higher order modes will be preferred. As the  width  of  the 
waveguide is increased, a higher threshold  current density is 
required,  due to decreased carrier confinement in the lateral 
direction. This also  causes an increase in the  width  of  the 
lossy regions  where A(x)  is  less than nom. Hence, the carrier 
profile tends to be more sharply peaked as the  width  of  the 
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Fig. 2. Excess  carrier density profiles for  a p-n junction  at  different 
injection  current densities. The  junction is located  at x = 0, So's are 
in units  of  AT,) (1.3 X 1014 ~ m - ~ ) ,  W is 2.6 ym.  Threshold cur- 
rent  density is 19.5 kA . cm-2.  The dashed line shows the nom. 
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Fig. 3. Excess  carrier density profiles for  a p-n junction  at  different 
injection  current densities, with  junction  at x = -3W/4. Threshold 
current  density is 22.4 kA . cm-2. 

Fig. 4. Threshold current  density  for  a p-n junction, versus the  location 
of the  junction,  with  the laser lases predominantly in the  rnth mode. 

waveguide  increases. In Fig. 5, we plot the threshold  current 
density of a laser with the junction located in the middle of 
the waveguide,  versus the width  of the waveguide. The laser 
is assumed to operate  predominantly in the  fundamental mode. 
The relative degree to which various lateral modes  are preferred 
or discriminated against can be quantitatively expressed by  the 
modal gain -ym . 

WIDTH OF THE WAVEGUIDE (prn) 

Fig. 5 .  Threshold current  density  for  the  fundamental  mode, in the 
case  of a p-n junction,  as  a  function  of  the  width  of  the waveguide 
( 2 W ) .  
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where no is the index of refraction of  the region, A(x) is the 
excess carrier density profie, and S, (x) is the  intensity profie 
of the  mth mode. In principle, A(x) can be obtained from (3) 
and (4) only when the lasing amplitudes of all the transverse 
modes are known. As a first order  approximation, with the 
diffused junction  located  at  the center of the waveguide,  we 
can assume that lasing occurs predominantly in the fundamen- 
tal  mode and proceed to solve for A(x) from (3 )  and (4). The 
resulting carrier distribution A(x) can then be used in (12) to 
calculate the gain ym of  the higher order modes. The values 
of  the ym thus obtained will be an indication of  the stability 
of  the lasing in  the  fundamental  mode. The results are shown 
in Fig. 6 ,  in which the modal gain ym is plotted as a  function 
of  the injection current density J for different modes. From 
the figure, it is observed that  the first order mode (m = 1) and 
the third order mode (m = 3) are discriminated against as J 
increases while the second order mode (m = 2 )  is not  much 
affected. This results in the increasing tendency of the funda- 
mental mode operation as the injection current is increased. 
This behavior has not been observed in the  other laser struc- 
tures. In some structures, such as the channeled substrate laser 
[ 9 ] ,  gains of higher order modes converge to that of the fun- 
damental mode as the injection level  is raised. 

Case 2: In the case of  a  p+-n  junction,  the same parameters 
are used as in Case 1 above, except that  the ratio  of the diffu- 
sion coefficient on the p side to that on the n side is taken to 
be 2.25. The acceptor concentration NA takes the value of 
4 X lo1* ~ m - ~ .  Again, assuming  lasing  in the  fundamental 
mode (m = 0), the carrier density profiles shown in Fig. 7 are 
for  different injection current densities. Since the ambipolar 
diffusion length is longer on the p side in the present case 
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Fig. 6 .  Modal  gains for  the  first  four  modes,  in  the case of a p-n junc- 
tion, as a  function of the  injection  current  density.  The  diffused 
junction is located  at x = 0. 
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Fig. 7. Excess  carrier  density  profiles  for  a p+-n junction  at  different 
injection  current  densities,  with  junction  located at  x = 0. Threshold 
current  density is 17.4 kA . ern-'. 

compared to that in the case of a p-n junction,  the electron is 
more confined on  the p side in  the case  of a  p+-n  junction. 
This results in a  reduction  of  threshold  current  density, as 
mentioned in Case 1. In effect,  an increase in diffusion length 
is equivalent to a decrease in  the effective width  of  the wave- 
guide. Furthermore,  the modal behavior in the present case 
can be understood  from the reduction  of the effective wave- 
guide width on the p side. Thus, when the  junction is on  the 
x < 0 side, the situation is closer to  that shown in Fig. 3; and 
when the  junction is on  the x > 0 side, the situation is like 
that of  a p-n junction, with the  width  of  the waveguide on  the 
p side replaced by the effective width.  Therefore,  at equal 
distance from  the middle, the  threshold will be higher when 
the  junction is on the x < 0 side than when it is  on  the x > 0 
side. Other  features, such as the threshold current  density as 
a  function af the waveguide width,  the mode discriminating 
behavior, and the  mode stabilization behavior, will be similar 

to that in Case 1 above. This is expected, because  as the injec- 
tion level increases, the two cases liecome increasingly similar. 

V. VALIDITY OF THE ABOVE ANALYSIS 
The validity of  the above results rests on  the assumption, 

stated  in Section 11, that  the spatial mode is index-guided and 
is independent  of  the injection level. Under high-level injec- 
tion, however, the localization of carriers near the  junction 
provides a gain-guiding mechanism so that a  combination  of 
index and gain  guiding may  take place.  Gain guiding may  thus 
become increasingly dominant  at very  high-level injection  and 
in the case of a very  wide  waveguide. The above analysis is 
valid when the  width of the optical mode guided by the gain 
profile is much wider than  that guided by the real-index wave- 
guide, which is approximately equal to half of  the  width of 
the waveguide. For a rough estimate of the width  of  the gain- 
guided mode,  the exact shape of the gain profile is not  impor- 
tant  and  one  can use the result for the approximate  fundamen- 
tal  width x, in the case of  a Gaussian  gain profile [ 10 J . 

where h is the free space wavelength, L is the diffusion length, 
S(x) and So are in cm-' , and n is the effective refractive index 
of the medium. One can use the values of the peak gain and 
half width of the gain profile obtained  in the above section in 
(1 3) and determine x, . The results described in the preceding 
section cease to be valid  when x, < W/2.  If one  limits the 
widths of  the waveguide to less than 5 pm  and assuming diffu- 
sion length is 2 pm,\ one  can estimate from (13) that  index 
guiding is the dominant mechanism for  a peak gain  as high as 
1000 cm-' , which corresponds to a  pump  current J density of 
about 90 kA . cm-2, This sets an upper limit on the range of 
validity of the above analysis. 

In  the above analysis, we have for simplicity neglected the 
effect of  the evanescent waves outside the guide. Since the 
fundamental mode is best confined to the active region, the 
effect of the inclusion of the evanescent waves would only 
improve further  the calculated stabilization of the  fundamen- 
tal mode. 

VI. COMPARISONS WITH EXPERIMENTS 
The schematic diagram of  the groove InGaAsP/InP transverse 

junction laser  is shown in Fig. 8. Three LPE layers: n-InP 
(undoped,  with background electron  concentration level at 
4-9 X 10"j ~ m - ~ ) ,  n-InGaAsP (undoped), and n-InP (Sn doped, 
2 X 10'' cmW3) are grown  successively on a grooved and 
masked semi-insulating INP substrate [ 11 ] . This is followed by 
a lateral Zn diffusion. Depending on  the  depth of diffusion, 
the resulting junction will  be a p-n junction  or  a p+-n junction. 
The  width of the active region is 3-5 pm,  and the thickness is 
-0.5-1 pm at  the center  of  the active region. The lasers are 
tested  with 50 ns current pulses  having a  repetition  rate of 
1 kHz. Stable lateral mode  operation is achieved up  to 45 
times  threshold  current, when the  Zn diffusion front is placed 
somewhere near the middle of  the active region, consistent 
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Fig. 9. Far field pattern of one groove laser, with  lateral diffused junc- 
tion  in  the  middle of the active region, at  different  injection currents. 
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Fig, 10. Far field pattern of another groove laser, with  lateral diffused 
junction  in  the middle. 

with  the calculations above. Figs. 9 and 10 show typical far 
field patterns of  the lasers with diffusion front in the middle. 
The lasers are operated  with  current pulses having a  width of 
50 ns and a  repetition  rate of 1 kHz. The  fact  that the spatial 
mode  profie does not change significantly as the power out- 
put is increased is an indication that  the laser is operating pre- 
dominantly in the fundamental spatial mode  at all power levels. 
However, as can be seen in  Figs. 9 and 10, there are irregulari- 
ties in the far field patterns which are probably due to  the 
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Fig. 11. The spectrum  of the same laser shown in Fig. 10 at  different 
injection currents. 
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Fig. 12. A typical  far field pattern of the groove laser, with  lateral dif- 
fused junction  touching  the active region, at  different injection  currents. 

scattering of light by the  etched sidewalls. Most of the lasers 
with  junction  at the middle of  the waveguide operate in a single 
longitudinal mode  up to 1.2-1.4 times threshold current; how- 
ever, for some of  the lasers, predominantly single longitudinal 
mode  operation is maintained up to 2-3 times threshold cur- 
rent. The spectra shown in  Fig. 11, which illustrate single 
longitudinal mode operation up  to 2 times threshold  current, 
belong to the same laser whose far field is shown in Fig. 10. 
When the diffusion front is near the edge of the active region, 
higher order transverse modes are observed. Fig. 12 shows a 
typical far field pattern,  taken under the same testing condi- 
tion,  of  the laser with diffusion front  just  touching the active 
region. It is also observed that  an increase in  the width  of the 
active region  will result in a slight increase in the threshold 
current  density, in qualitative agreement with  the model 
described above. 
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VII. CONCLUSION 
In conclusion, we have demonstrated  the gain stabilizing 

behavior of  a waveguide with lateral carrier injection. The 
finite  width  of the waveguide,  as compared to the carrier 
diffusion length, together  with  the  boundary  conditions, result 
in the confinement of carriers within  a small region about  the 
lateral junction. As the  current injection increases, the  optical 
power increases, and the gain profile becomes progressively 
narrower due to  the decrease of the stimulated lifetime.  Sta- 
bilization for  the  fundamental mode is obtained when the 
transverse junction is placed near the middle of the waveguide. 
These results are in good agreement with experimental obser- 
vations in which the groove GaInAsP/InP lasers show a remark- 
able insistence on operating  in the fundamental  lateral  mode 
when the lateral diffused junction is placed at  the middle of 
the active region. The model and analysis developed in  this 
work  can  be used to predict the modal behaviors in similar 
structures. 

APPENDIX 
We divide the waveguide into h regions, with  the  width wk in 

the kth region where k = 1, . 1 . , h.  Next, taking S(x) as  given 
by (1) as a  constant in each region, we can solve (3) and (4) 
for the excess carrier density. Thus, in the  kth region 

Ak (xk)  = A k  e -xk’Lk +BkexkJLk t 0 < x k  < wk 

(A-1) 

where 

L 
L k  = 

Sk Li 
Ueff  

L is the diffusion length in that region, and Lk is the effective 
diffusion length in the presence of  the  photon  intensity profile. 

The coefficients A , ,  Bk are determined by matching bound- 
ary  conditions  at xk = wk. 

(A-4) 

A1  =B1 (A-5) 

Defining Bh = K 1 ,  B 1  = K 2 ,  using the recurrence relations 
(A-2) and (A-3), coefficients A h ,   A h e l ,   B h - i  , . * * can be cal- 
culated as a linear function  of K 1 .  Similarly, A l ,  A z  , B2 can 
be calculated as a linear function of K 2 .  By matching the 
junction  boundary  condition  at x =a ,  which for  the case of  a 

p-n  junction, (as given by 10) gives 

K2 =c lK1   +eo  (A- 6 )  

and for the case of  a  p+-n  junction, (12) results in 

K 2  = d 2 K ?   + d l K l   + d o  (A-7) 

where e l ,  e o ,  d 2 ,  d l ,  and do are determined  from  computa- 
tion. Once K 1  is known, all the A’s and B’s can be  deter- 
mined.  To find K 1 ,  we go back to  (l), which now takes  the 
form 

h h 
SkWk(1 - c k  +no,)= SkLk(Ak(1 - e - w k / L k )  

k =O k=O 

t Bk (eWklLk - 1)) (A-8) 

The left side of (A-8)  is constant  once So is  given, the right 
side is a linear function of K 1  if (A-6) is used, or a  quadratic 
function  of K ,  if (A-7)  is used. In both cases K 1  can be found 
and thus  the carrier density profiles can be computed. 
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