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The effect of a nonsaturating frequency filter introduced into the feedback circuit of a semiconductor 
laser on the emission spectrum of the generator is considered for the purpose of obtaining single
mode operation. It is shown that excitation of the generator near the long-wave wing of the amplifi
cation coefficient by means of the filter can greatly increase the threshold for the excitation of a 
second mode relative to the excitation threshold of the first mode. Parameters are determined for 
a filter that can be used for increasing the single-mode radiation intensity 30-50 times by increas
ing the generation threshold 3 times. Various means of designing such generators on the basis of 
existing semiconductor lasers and optical filters are suggested. 

UNTIL recently, relatively powerful emission of semi
conductor lasers (SL) could be obtained only in the 
multimode regime. The neighboring axial modes are 
usually excited when the pump is increased beyond the 
generation threshold by several percent. Since the SL 
emission line is homogeneously broadened in a large 
energy interval, the excitation of several modes near 
the generation threshold is connected with different 
spatial inhomogeneitiesfl• 21 • In an injection SL, for ex
ample, the inhomogeneity of the field in the plane of the 
p-n junction and the nonuniform gain in a direction 
perpendicular to the p-n junction leads to excitation of 
a second mode when the current is increased 5-10% 
beyond the threshold. The present article is devoted to 
a theoretical investigation of the possibility of increas
ing the emission intensity in a single-mode generation 
regime by introducing into the optical feedback circuit 
a frequency filter, the presence of which greatly de
creases the influence of the spatial inhomogeneities on 
the excitation of the various modes. 

As the model of the active medium of the SL, we use 
the ordinary band model of a strongly doped semicon
ductor with exponential "tail" of the state density for 
the electrons and with 6-like level for the holesf 3 l. The 
calculations presented pertain to a single spatial gen
eration channel and are applicable for both injection 
SL and for SL with optical and electronic excitation. 

Beyond the excitation threshold of the first mode, 
in that section of the active medium where the field of 
the first mode is small or equal to 0, the concentration 
of the electrons increases in proportion to the in
crease of the pump. The gain in this part of space in
creases, and as a result a second mode can become 
excited. The expression relating the current increment 
necessary to excite the second mode with the generator 
parameters is 

where gi = g( wi) is the gain at the frequency Wi, O!i 
= a(wi) are the losses, g= ag/anw, g'= agjaN, 

(1) 

N =J7 is the concentration of the electrons at the 
generation threshold. J is the threshold pump density. 

J + t..J is the threshold of excitation of the second 
mode, Ow-distance between modes, 1JE-coefficient 
that depends on the space shift of fields of different 
modes, and also on the carrier diffusion coefficient. 
In the customarily employed linear approximationf 21 

( Nw ~ t..J, n ~ t..J, where n is the change of the elec
tron density beyond the threshold), 1JE does not depend 
on the pump density1 >. 

The first term in (1) represents the loss that must 
be overcome in order to excite the second mode; the 
second term expresses the increase of the gain con
nected with the increase of the pump. In an SL the in
crease of the gain with increasing electron density de
pends strongly on the frequency (Fig. 1 ). A large 
change of the gain occurs in the short-wave region, 
where g :S 0. Near the maximum, the gain increases 
less, but this increase suffices to excite the second 
mode at t..J/J ~ 5%. Finally, in the low-frequency 
region the gain remains practically unchanged with in
creasing electron density. Consequently, if the gener
ator is excited on the long-wave wing of the gain, it is 
possible to increase greatly the excitation threshold 
of the second mode relative to the excitation threshold 
of the first mode, i.e., it is possible to increase t..J/J. 
Indeed, although in this case the electron density in
creases in the same manner as in an ordinary laser, 
the gain responds little to the change of the electron 
density, and in accordance with (1) we can expect an 
appreciable increase of the radiation intensity in the 
first mode ( Nw) at the excitation threshold of the 
second mode (Nw ~ t..J). 

FIG. 1. Character of the 
increase of the gain with increas
ing electron density. The upper 
curve corresponds to a larger 
electron density. 

'[ ~ .. 
!)For the shift of the antinodes and nodes of the neighboring axial 

modes [2 ] 71E = [3 + 2(47rL/A.)2r', where Lis the am bipolar diffusion 
length and A. is the wavelength in the semiconductor. 
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In order to obtain generation on the long-wave wing 
of the gain, it is necessary to insert between the ampli
fying medium and the mirror a non-saturating filter. 
This filter should introduce large absorption in the 
short-wave region and should be transparent on the 
long-wave wing of the gain, it being desirable that the 
absorption coefficient increase more rapidly than the 
gain (Fig. 2 ). At other frequencies, the form of the ab
sorption coefficient of the filter can be arbitrary. In 
particular, this can be both a band and a tuned filter. 
The filter absorption coefficient will be denoted by 
a(w). As seen from Fig. 2, generation on the long-wave 
wing of the gain is possible only as the result of the 
increase of the threshold pump, and the larger the 
threshold the weaker the dependence of the gain on the 
change of the electron density. An increase of the 
threshold leads to an increase of the working tempera
ture of the generator. It is therefore necessary to take 
into account in the calculations the increase of the 
smearing of the electron energy distribution, and also 
to shift the filter to the long-wave region, since the 
width of the forbidden band of the semiconductor de
creases with increasing temperature (Fig. 3). 

I 

»w 
FIG. 2. Form of the gain of a generator without filter at the exci

tation threshold (curve I), frequency dependence of the filter absorp
tion coefficient (curve 2), and form of the gain of a generator with a 
filter at the excitation threshold (curve 3). 

We shall consider below two generators. The first, 
a generator without a filter, has the following parame
ters: excitation threshold of the first mode J 1, fre
quency of the first mode w1 (Fig. 3), absorption ao, 
excitation threshold of second mode J 1 + ~J 1, tempera
ture at the excitation threshold of the second mode T1. 
analogous parameters of the second generator (with the 
filter) will be denoted J~, w2, ao + ya2 (Fig. 3); 
y = La / Lg is the ratio of the length of the filter to the 
generator length), J~ + ~J2, and T2. If the filter is 
characterized by a transparency S( w ), it is necessary 
to replace Ya(w) throughout by [ -lnS(w)]/Lg. 

The threshold J 2 corresponds to a constant tem
perature T2, which depends on the total pump J~ + ~J2. 
Actually, the excitation threshold of the first mode of 
the generator with the filter J 2 is larger than J~, for 
when the current increases the temperature increases, 
the width of the forbidden band decreases, and by virtue 
of the necessary condition that the gain and loss be 
equal, the Fermi quasilevel of the electrons (!;) shifts 
with increasing current towards the lower energies 
(1;2 + ~1;2, !;2, Fig. 3). However, relation (1) contains 
the quantities J~ and ~J2, for when T =T2 the pump 
density J~ determines the electron density level N~ 
= J~T, which ensures equality of the gain and loss at 
the frequency w2, namely g(w2, N~) = ao + ya(w2). 

The radiation density in the first mode Nw 2 is propor

tional to ~J 2. Wherever the field of the first mode is 
small or equals zero, the concentration of the electrons 
also increases in proportion to ~J 2· 

The parameters of both generations are determined 
by the system of equations 

g1 = a0, g.= 0, g2 = ao-l-ya2, g2 = ya2. (2) 

We can use for the gain the expression obtained in r 41 : 
g = K(w) th u(m, N), 

( ltw-~a) ~a-liro [ N J (3) 
K(w)=Koexp eo , u=2kT-+61n N(eo,kT) , 

where N(e: 0, kT) = PoEo~ sinh~-\~ = Eo/2kT, Ko is a 
factor that depends little on the frequency, e: 0 is the 
parameter of the density of states of the electrons, 
~a is the energy interval between the acceptor level 
and the arbitrary edge of the conduction band, from 
which the electron energy Ee is reckoned, p 0 is the 
density of the states of the electrons at Ee = 0, and the 
probability of filling the acceptor level equals Y2 [31 • 

The solution of the system of equations (2) can be 
written in the form 

J2 / ya2 ) Vt ( 1- V1 )!1>;,( 1 + V2)112<,+AT/T,• 
-= 1+- - -- -- , 

/1 ao h2 1 + Vt 1- V2 

1"1 +4§.2 -1 
2~· 
" 

V2=------, 
2£, 

- ao-l-ya. 
62=62 . -

ao- y(a2eo- a2). 

(4) 

(5) 

(6) 

where ~w = w 2 - w1, ~T =T2- T1, a = a~a/C32kT. In 
order to calculate the ratio JV J 1 it is necessary to 
specify the quantities ya2/ ao, ya2e:o/ ao and ~ T/T1. 
It is then possible to determine from (4} the frequency 
at which the filter absorption should be equal to a2, 
i.e., to find the position of the filter on the wavelength 
scale. The conditions under which the chosen value of 
~ T/T1 can be realized can be determined after the 
total value of the pump J~ + ~J 2 is determined. 

FIG. 3. Gain of a generator without filter at the excitation threshold 
(curve 1); total absorption coefficient (1(0 + ')'(l((W) (curve 2); gain of gener
ator with filter, averaged over the spatial distribution of the field of the 
first mode at the excitation threshold of the second mode (curve 3); 
gain of generator with filter at the excitation threshold of the first mode 
(curve 4). 

From the system (1) ( i = 1, 2 ), the system (2 ), and 
expression (3) we can find the ratio ~J 2/ ~J 1, which 
determines the increase of the radiation intensity in 
the first mode at the excitation threshold of the second 
mode, due to the introduction of the filter: 

~,2 =A y(~280- a2)eo + (1 + 2~2v2) (ao + "\'U2- ya.eo) 

/:;.]1 aol'1 + 4£•' 
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ao J2 
X ------.---------- ; 

ao-v(a,eo- a,) J, (7) 

here A =(ow2/owi}2 (17E1/1JE2), the second factor is 
the ratio of the second derivatives with respect to the 
frequency: ( ya 2 - g2 )/g1; the saturation of the gain in 
the long-wave wing of the gain is represented by the 
third factor. By selecting the parameters ya2/ Cia and 
ya2E0 it is possible to make this saturation very large. 
It is necessary for this purpose to have y ( CL2Eo - CL2) 

- a 0 • However, as follows from (5) and (6 ), such a 
deep saturation of the gain is possible only when 
J 2/ J 1 - oo, which is in full agreement with the qualita
tive arguments presented above. When [eta- y(a2Eo 
- a2 )] « eta, we have 

(8) 

where 

(9) 

An increase of the threshold of the excitation of the 
second mode relative to the excitation threshold of the 
first mode can be obtained also by increasing the fre
quency-independent loss. Indeed, it follows from (6) 
and (7) that when a = const we get ~J 2/ ~J 1 = JU J 1• 
This is reflected in the first term of (9 ). The second 
term in this formula is connected with the saturation 
of the long-wave edge of the gain. An increase of the 
temperature with increasing current leads to an unde
sirable decrease of the parameter t. 

The excitation of the first mode in a generator with 
a filter occurs at a pump density J2 = N2/T, a tempera
ture T2 - ~ T2, and a frequency w2 + ~w2. The quanti
ties oJ2 = J~ + ~J2 )- J 2 and ti~w2/Eo can be obtained 
from the system of equations (2): 

[ cr V~2Bo ]-' 6!2 =I'll. 1-- j(T2) , 
£, ao- v(a2eo- a,) 

(10) 

Mffi2 =- 2cr ~2 . f(T,)-6!2 ' 
Eo azeo- a2 l2* 

(11) 

where f( T2) is a coefficient relating the change of the 
temperature with the change of the current: ~T2/T2 
= f ( T 2 )( oJ 2/ J~ ). Formulas (1 0) and (11) were obtained 
in the following approximation: g ( w, N 2) = g( w, N~) 
+ g'(w, N~) (N2 - N~), ~T2 « T2, and ti~w2 «Eo. The 
least exact is the first of these conditions, for when 
~J2 » ~J 2 the quantities (N2 - N~)g" and g' can be of 
the same order. Therefore formula (1 0) is inexact. 
However, this formula represents qualitatively correctly 
the influence of the change of the width of the forbidden 
band with increasing temperature on the threshold pump 
of a generator with a filter. 

The dependence of the temperature on the current 
density in an injection laser operating in the cw mode 
can be calculated with the aid of the differential rela
tion[sJ: 

x(T)dT = IU[1- 11 (j) ]dj, (12) 

where K is the thermal conductivity, j the current 
density, U the p-n junction voltage, 11 the differential 
efficiency of the generator, and l the distance between 
the cold finger and the p-n junction. In particular, in 
formula (10) we have 

j,U(1-r])l 12 (13) 
f(T2)= T,x(T;_)J:· 

To calculate the temperature change connected with 
the large increase of the pump density, it is necessary 
to integrate (12) between suitable limits. It can be 
assumed here that up to the excitation threshold ( J 
< J 1 or J < J~) we have 11 = '111 « 1, and beyond the 
excitation threshold ( J > J 1 or J > J~) we have 
17 = 17 2, where '171 and 112 do not depend on the current. 
The integral 

T 

6 = ~ x(T)dT 
0 

is tabulated in[ 5 l. In the pulsed regime, the tempera
ture change can be decreased by shortening the pulse 
or by increasing the off-duty cycle. 

By way of an example we present the calculation of 
the parameters of a generator with a filter, having an 
exponential absorption edge : a ( w) = CL2 exp [ ti ( w 
- w2 )/E~]. The larger the parameter p = Eo/E~, the 
more effective the filter. One cannot count, however, 
on being able to select a filter with p Z 5. Therefore 
settle on p = 4. We assume that the resonator length 
is not changed by the introduction of the filter: A = 1 . 
The temperature To of a cold finger is assumed to be 
77°K. Accordingly, a =-1.1. We assume further b 
=1 (Eo= 14 meV), 17 1 = 7%, and '172 = 30%. The parame
ter ya2/ a 0 is chosen such that JV J 1 = 3. Using then 
this value of y a 2 / a 0 in formulas (5 )- (7 ), (10 )- (13 ), we 
calculate ~J2/~JH ti~w/E 0, and other parameters of 
the generator with the filter. Since the temperature 
rise is connected principally with the threshold pump, 
it was assumed in the calculation of the temperature 
T2, to simplify the calculation, that ~J2 = J1. In the 
case ~T/T1 = 0.1 this corresponds to ~JJJ1 ~ 3'%. 

The results of the calculation of these quantities for 
several values of ~T/T1 are listed in the table. The 
increase of the intensity of the single-mode radiation 
that emerges to the outside (P) is 

P2 = tJ.J, ( 1 + VCLz )-'. 
P 1 1'11, ao 

To obtain maximum power of single-mode radiation 
from one end of the generator, it is necessary to in
sert behind the filter a completely-reflecting mirror. 
The quantity P2/P12: ~J2/~J1 if ya2Lg ::s -lnfr (or 
S( w2 ) 2: ..fr) where r is the reflection coefficient at 
the end face of the generator. 

The numbers in the column j 1 l impose requirements 
on the initial generator without the filter. Thus, for 

::~;:::tu~~ ~ ;/~1c~ O~~n~~e~~~;: ~h; ~~::a;l:~! ~:en 
l = 60 J.J. and h = 103 a/ cm2. Such values of j 1 and l 
correspond to modern injection lasers operating in the 
continuous regime. To establish the lower limit of the 
values of the parameter p, at which introduction of the 
filter leads to positive results, it is necessary to in
vestigate the proportionality coefficient in forp:lUla (8 ). 
This coefficient contains the factor cp ( p) = p1- ( p - l)t. 
When p :S t, the quantity cp( p) is small, and when 

!::.TITt YL1..2/a.o fij,w/Eo 1112/:lJl I T2. OK I j 1l, A/em 

I 
I 

0 0.3 -0,17 43 77 

I 
0.1 0.28 -11.27 32 8R 6 
0 2 0.25 -0.36 20 98 10 
0.5 0.17 -0.56 9 130 20 
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p > t we have q~(p) ~p-t. We thus find that at AT/T1 

=0.1 it is desirable to have p > 3. 
Let us determine the contribution made to the in

crease of the single-mode generation power by a change 
in the difference of the losses at the neighboring modes 
and the gain saturation (the second and third factors in 
(7), respectively). When a filter with the parameters 
indicated above was introduced, when JV J 1 = 3 and 
AT/T1 = 0.1, the loss difference at the neighboring 
frequencies increases by a factor 1. 7 and the change 
of the gain with increasing electron density decreases 
by 6.3 times. Thus, the main contribution to the in
crease of the power of the single-mode generation is 
made by the saturation of the gain. 

The inaccuracy of the foregoing calculations is con
nected principally with the linearization of the gain with 
respect to N in formula (1 ). Since g~ < 0, the corre
sponding corrections should improve the results. To 
construct the generator described above, it is neces
sary to have a non-saturating filter, so that when a 
semiconductor filter is used, the generator radiation 
must not saturate its absorption. At the same time, 
the dependence of the absorption coefficient of the filter 
on the frequency should be sufficiently steep: aE 0 > a, 
a> 0. The need for simultaneously satisfying these 
two conditions determines the choice of the suitable 
material. In the region of strong absorption (a ~ 102 -

103 cm-1 ), where the filter is not saturated by the SL 
radiation, many semiconductors have an exponential 

Sm 
tn Stw) 

9 a 

J 

2 

E3'#i 
I 2 J 

b 

FIG. 4. a-diagram and ray paths 
of a generator with an interference 
filter: 1-SL with an end face made 
transparent on the filter side, 2-
interference filter, 3-totally reflec
ting mirror. b-dependence of rela
tive transparency of the double band 
interference filter on the detuning 

u l.....l==t:5:::::J<£:.... • ..L,2,....-~-__ .L..6 -'-_.J.?,q'--'--:':Jo=- energy. 
n(w-UI.,), meV 

frequency dependence of absorption. For example, in 
the case of GaAs at a ~ 103 cm-1 (nw 0 ~ 1.56 eV), the 
quantity E~ = 4-5 meV[61 • At the frequency correspond
ing to liw = 1.56 eV, the initial generator can be tuned 
by varying the composition of the semiconductor used 
in its construction. When ya2/a 0 = 0.3, a 0 = 100 em-\ 
and a 2 = 103 em-\ we have y = 0.03; when E~ =4 meV 
and Eo = 14 meV, we have p = 3.5. 

Figure 4a shows the diagram of a generator with an 
interference filter. Figure 4b shows a plot of the 

logarithm of the relative transparency of a double band 
filter[ 7 J on the energy li( w - wm), where wm is the 
frequency corresponding to the maximum transparency 
Sm. The width of the transmission band of this filter 
A "A amounts to 180 A, the maximum transmission is 
Sm = 30% [71. Since Sm ~ 1, the filter introduces addi
tionallosses, ( -ln Sm)/Lg, which are partly compen
sated by the completely reflecting mirror: %lnr. 
Thus, 

.J(. ) , + ln[Sm/S(w)] 
y<.& w = "ao Lg , 

where Allo ~ ln ( ..fr/Sm). When r = 0.3 and Sm = 0.3, 
we have Allo > 0, leading to an additional increase of 
the threshold. It is advisable to use this filter in the 
energy region .ti(w2- wm) ~ 12 meV, where 
ln[Sm/S(w)] ~ exp[li(w- w2 )/E~] with ~ =4 meV, and 
ln[Sm/S (w 2 )] = %. In this case p = 3.3-4.3 (A"A 
=150-200 A, Eo =14 meV), and ya2/ao = 0.25 at 
L = 200 1J. and a 0 =100 cm-1 (the loss Allo is included 
in the loss of the generator without the filter). 

Thus, on the basis of the presently existing SL and 
optical filters it is possible to construct a generator 
with a single-mode emission intensity larger by 30-50 
times than that of a generator without a filter (at 
JU J 1 = 3 ). More effective and structurally simpler 
would be a generator with multilayer interference 
mirrors having the same frequency dependence of the 
reflection coefficient as S( w) sputtered on the end 
surface. 
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