
SEMICONDUCTOR LASERS
By Robert H. Rediker

Since the announcement of the GaAs diode laser1

in November 1962, laser action has been achieved
in diodes of a variety of III-V and IV-VI direct-gap
semiconductors.2 The wavelength of the emitted
radiation varies over the range from 6300 A for the
III-V mixed semiconductor Ga(AsJ,P1_J.) to 85 000 A
for the IV-VI semiconductor PbSe. The semicon-
ductor diode laser has the advantages that its size
is small, that it converts electric power directly into
coherent light, and that its output can be modulated
by simply modulating the diode current. Figure 1
shows an artist's sketch of a GaAs diode laser in a
pill-type package. Such a laser, when operated be-
tween 4° and 20°K, has emitted up to 6 W of con-
tinuous coherent radiation at close to fifty percent
power efficiency,3 and the radiation has been modu-
lated4 at frequencies up to 11 Gc. At room tem-
perature such a laser can be used on a pulse basis
and 20 W of coherent radiation can be emitted in
50 nsec pulses.5 When operated continuously at
currents not too high above threshold, GaAs lasers
can operate stably in one mode of the Fabry-Perot
cavity formed by the cleaved face, shown in Fig. 1,
and the parallel face on the opposite end of the laser.
The width of such a cavity mode has been meas-
ured6 to be less than 50 Mc/sec or less than 1.5 parts
in 107 of the output frequency.

Because of the advantages mentioned above, in-
jection lasers may find radar, communications, and
computer applications, particularly where the ab-
sorption of the laser radiation in the atmosphere is
unimportant or can be controlled or eliminated.
It is possible today7 to build a complete room-
temperature GaAs-laser radar-transmitter in the size
of a two-cell flashlight which would emit of the
order of 10 W of coherent radiation in 10-20 nsec
pulses.

Population inversion

In Fig. 2a is shown an equilibrium band diagram
of a p-n junction in which both p and n regions
have been assumed to be degenerate, as illustrated
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by the Fermi level, <j>, being below the top of the
valence band in the p region and above the bottom
of the conduction band in the n region. By applying
a forward bias, V, across the junction, a region of
population inversion is produced at the junction as
illustrated in Fig. 2b. In the inversion region more
quanta are emitted than are absorbed in radiative
transitions between conduction and valence bands.
The number of quanta emitted and absorbed are
given by

where

rab, = AWvcfv(l - / , ) / > « ,

remit = AWafc{\ - / , ) P W ,
(1)

Wvc = Wcv — the probability per unit time for a
transition between a state in the
valence band and a state in the con-
duction band separated by hv.

p{v) = density of photons at energy hv.
A = a constant containing the density of

states in the valence and conduction
bands.

fc(fv) = probability for occupancy of a state
in the conduction (valence) band.

Equation 1 must be integrated over all pairs of
states separated by hv. If one makes the common
assumptions that the electrons in the conduction
band are in thermal equilibrium among themselves
and the electrons in the valence band are also in
equilibrium with themselves, the population dis-
tribution in the two bands can be expressed in
terms of quasi-Fermi levels. The quantities fc and
/„ are related to these quasi-Fermi levels <£c and <f>v

by Fermi-Dirac statistics

1
1 + exp (E - <t>)/kT

(2)

For stimulated emission to exceed absorption,
remit > ''abs. substituting (2) into (1), one obtains

<S>c — 4>v > hv. (3)

Thus , the condition for populat ion inversion in a
junct ion laser (as first pointed out by Bernard and
Duraffourg8) is that the forward voltage applied
across the junction, which is equal to 4>c — <j>v, must
be larger than that corresponding to the energy of
the emitted radiation.

• FEBRUARY 1S>6S PHYSICS TODAY



0.024 i a

Pbln-CLAD
Mo DISK

SEMI-INSULATING
GaAs

COHERENT
RADIATION

SnAu-CLAD
Mo DISK

DIODE
LASER

CLEAVED
FACE

Fig. 1. GaAs diode laser in a pill-type package. Note
surface area of the 0.080-inch disk is 1/75 that of an
American dime. The diode laser is a rectangular paral-
lelepiped whose dimensions are typically 0.010 inch x
0.030 inch x 0.003 inch thick.

In the above discussion the recombination mech-
anism has been assumed to be a band-to-band tran-
sition. The transitions responsible for laser action
will be described in more detail below.

Guided mode laser action

The laser action occurs in even TE or TM modes
guided along the plane of population inversion as
shown in the idealized model of Fig. 3. Energy is
fed into the modes in the inverted population re-
gion labeled 1 which is taken to be of width 2w
and is assumed to be characterized by a constant
negative conductivity of magnitude ov Energy is
lost by the modes in the p and n regions (labeled 2
and 3) on either side of the junction. These regions
are characterized by constant positive conductivities
o-2 and o-3. By solving the electromagnetic propaga-
tion problem, we can determine how far the modes
penetrate into the lossy regions 2 and 3 and thus
determine how much energy must be supplied in
the inverted region before the net flow of energy
into the mode is positive and it is amplified as it
propagates between the faces of the diode perpen-
dicular to the z direction. These faces, which are
shown shaded in the figure, have been cut flat and
parallel to each other to form the faces of a Fabry-
Perot cavity. The electromagnetic wave has a z,
x, and t variation of the usual form.

z variation = e+'"'~jl''
(A cos k\x + B sin kxx region 1 (4)

x variation = region 2
region 3

If one matches boundary conditions for the con-
tinuity of transverse E and H at the two interfaces

rm STATES OCCUPIED
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p-TYPE n-TYPE

(a)

1 - 1
Fig. 2. Energy-band diagram of a p-n
junction: (a) Zero applied voltage, (b)
Applied voltage V>Eg/e.

Fig. 3. Laser diode showing region of in-
verted population at junction labeled (1)
and lossy dielectric regions on either side
labeled (2) and (3). X-dependence of sym-
metrical electromagnetic field is also
shown. Field components of TE and TM
modes are indicated for propagation in
/-direction between reflecting faces of
Fabry-Perot type cavity.
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Fig. 4. Photograph of GaAs laser emitting in three fila-
ments (courtesy A. E. Michel)

and makes the pair of assumptions, io2/in(«, — t^)w'2

< < 1 and <T2, <r3 < < o-, < < cue, both of which are
valid for junction lasers, one obtains" a simple
result for k in terms of ô  for both TM and TE
waves.

k « *o(l + jn/2),
Co + (73 ,

2(
f 1 El, (5)

Thus, with the above approximations, the thresh-
olds for TE and TM waves are calculated to be the
same, in agreement with experiment. The real part
of the propagation constant k is approximately
equal to k0, the propagation constant in the pure
semiconductor. The imaginary part of k, which
determines the attenuation or growth of the wave,
is expressed in terms of 77. The first term in the
equation for 77 in (5) gives the rate of decay due
to losses in the p and n regions, while the second
term gives the rate of growth due to the inverted
population in region 1. For the wave to grow, the
negative conductivity, o-,, must be large enough so
that the second term is larger than the first. The
penetration of the wave into the lossy regions is
determined by

As can be seen from (5), only if this quantity is
positive will the wave be able to grow; as this quan-
tity becomes larger, the penetration into the lossy
regions become smaller.

The wave propagates in the z-direction as shown
in Fig. 3 between the reflecting faces of the Fabry-
Perot cavity. If the rate per unit length at which
energy is lost by the wave to the lossy region is
characterized by a, and if the rate at which energy
is absorbed by the wave in the inverted region is

RADIATION PATTERN IN
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Fig. 5. Radiation pattern in plane of junction of GaAs
diode laser at 77 K (reference 14)

characterized by g, the wave will grow if g > a.
For the diode to act as a laser,

R exp [(g - a)L] > 1, (6)

where R is the reflectivity of the faces which form
the Fabry-Perot cavity (~ 32 percent for a GaAs-air
interface) and L is the distance between these faces
as shown in Fig. 3. The threshold for laser action
is from (6) :

The quantity g is related to the negative conduc-
tivity a, in the inverted region and is in turn deter-
mined by the current through the diode which is
producing the population inversion. Lasher and
Stern1" have shown that in the limit of low tem-
peratures the threshold current / , is proportional
to gt-

Jt = Cgt= (8)

The threshold current has been measured11 as a
function of the length L of the laser cavity and the
quantities C and a determined. The value of the
quantity a in regions 2 and 3 of Fig. 3 determined
from these and other experiments is relatively
small, of the order of 10 cm,"1 indicating that the
wave does not penetrate far into the lossy n and
p regions. The cause of the discontinuity in the
real part of the dielectric constant between the
active region 1 and the lossy regions 2 and 3, which
produces the confinement of the wave, has not been
definitely established. Three possible causes have
been proposed. First, and probably most important
for GaAs, the net impurity density in the region
about the p-n junction is less than that of either
the p or the n regions unless the junction is ex-
tremely abrupt.12 Second, there will be an addi-
tional susceptibility in region 1 associated with the
negative conductance ^ by the Kramer-Kronig
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Fig. 6. Radiation pattern in a plane perpendicular to
junction of GaAs diode laser at 77 K (reference 14)

relationship.9 Third, there is an absence of free
charge in the depletion layer about the junction.13

The mode confinement problem still requires fur-
ther work.

In practice, the guided TE or TM modes propa-
gate in filaments along the junction plane rather
than uniformly along the plane as suggested by
Fig. 3. Figure 4 is a photograph of a GaAs laser
that is radiating from three filaments. This photo-
graph was obtained using an image-converter tube
focused on one of the faces defining the Fabry-
Perot cavity. The cross-sectional dimensions of the
filaments (the area of the spots in Fig. 4) have been
determined from radiation patterns. Typical radia-
tion patterns for GaAs lasers are complex and show
that the radiation is usually emitted in many
beams.14 A radiation pattern in the plane parallel
to the junction is shown in Fig. 5 and the corre-
sponding radiation pattern in the plane perpen-
dicular to the junction in Fig. 6. Simpler patterns
have been obtained and beam angles as narrow as
1 degree in the plane of the junction and 10 degrees
in the perpendicular direction have been reported.
Such beam angles correspond (using d «= \J6) to
a coherently emitting filament of 50/i in the plane
of the junction and of 5/A in the plane perpendic-
ular to the junction. The explanation of this fila-
mentary behavior is not completely clear. Similar
effects are observed in optically pumped solid-state
lasers. Optical inhomogeneities or variations in cur-
rent density are possible explanations.

Laser threshold conditions

Up to this point we have discussed how to produce
an effective inverted population at the plane of a
junction and how laser action can occur in guided
modes along this plane. An inverted population,
however, is not sufficient for laser action. We have
already shown that the inversion must be sufficient

to overcome losses in the inactive regions (regions
2 and 3 of Fig. 3) and at the reflecting surfaces of
the cavity. Losses in the active region must also be
overcome. If the probability for transition between
appropriate states in the valence and conduction
bands [Wvc = Wcv in Eq. (1)] is small," as is true
for indirect-gap semiconductors, then other absorp-
tion terms must be added to the first equation of
(1). Dumke has shown theoretically15 that, in Ge,
absorption due to free carriers would prevent laser
action due to band-to-band transitions.

In addition, if nonradiative recombination
through localized recombination centers dominates
the lifetime of hole-electron pairs, much greater
pumping rates are required to establish an effective
inverted population than would be necessary if
nonradiative processes were not important. Thus,
to obtain laser action at realizable diode currents, a
semiconductor is desired in which the probability
for radiative recombination, Wvc = Wcv, is large.
Such diodes will exhibit appreciable luminescence
when forward biased. Figure 7 illustrates the spon-
taneous-emission spectrum obtained from a laser
diode when the forward current is below threshold.
The width of this spectrum, while narrow as com-
pared to spectra from many luminescent semicon-
ductors, is very much wider than the width of the
laser line also shown in Fig. 7. Moreover, the ob-
served laser linewidth is, in this case, determined
entirely by the resolution of the spectrometer used.
As mentioned in the introduction, laser linewidths
of less than 50 Mcps (0.0012 A) have been meas-
ured for GaAs diode lasers.

Theoretically, laser action should occur when the
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Fig. 7. Spectra of infrared emission from cleaved sur-
face of an InAs diode at 4.2°K. The "broad" spontaneous
spectrum obtained below threshold is not drawn to ft'
same intensity scale as the much more intense last'
spectrum. The observed width of the laser spectrum
was determined by the resolution of the spectrometer
used. The difference in wavelength between the peaks of
the spontaneous and laser spectra can be explained to
part by the shift to lower wavelength of the peak of the
spontaneous spectrum as the current is increased.
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Fig. 8. Four mechanisms for radiative transitions: (1)
conduction to valence band; (2) donor to valence
band; (3) conduction band to acceptor; (4) donor to
acceptor.

intensity of the spontaneous radiation at the lasing
wavelength reaches a critical value. This condition,
which is equivalent to the gain at the lasing wave-
length reaching the critical value, gt, of (7) and (8),
has been experimentally verified for InSb diodes
by reducing the linewidth of the spontaneous radia-
tion by application of a magnetic field.16 Thus,
what is required for a semiconductor diode laser is
a diode that, when forward biased, efficiently pro-
duces radiation in a narrow spectral range.

Up to the time of this writing, laser action has
been reported only in direct-gap semiconductors, in
which the conduction and valence bands are located
at the same point in A-space, and for which
Wvc = Wcv is relatively large. A report17 of laser
action in an indirect-gap semiconductor SiC seems
to have been premature.18 Although, while one may
preclude band-to-band laser action in indirect-gap
semiconductors, one may not preclude laser action
via deep impurity levels19 if the radiation so pro-
duced is sufficiently intense in a narrow spectral
region.

The radiative transition

Possible radiative transitions associated with laser
action in semiconductors are shown in Fig. 8. In
the upper left-hand corner of the figure is shown
an electron which has been injected into /'-type
material. (The injection of an electron into p-type
material is for illustrative purposes only.) The
p-type material is compensated, as are almost all
real semiconductors, there being some donors pres-
ent as well as the predominant acceptors. The four
mechanisms by which the injected electron can
recombine with a hole in the valence band and
emit the observed infrared radiation are: (1) direct
radiative recombination from the conduction band
to the valence band; (2) recombination via a donor
level—the electron is first captured by one of the
compensating donor levels and then makes a radia-

tive transition to the valence band; (3) recombina-
tion via an acceptor level—the electron makes a
radiative transition to an acceptor level and then
recombines with a hole in the valence band; (4)
recombination via both a donor and an acceptor
level in which the radiative transition is from donor
level to acceptor level. In addition, in each of these
four mechanisms, there may be the intermediate
step .of. exciton formation. Laser action has been
observed over a large range of impurity concentra-
tions. At higher concentrations where the impurity
levels form impurity bands which merge into the
conduction or valence band and produce band tail-
ing, it may be academic to differentiate between
the four mechanisms.

Diode lasers in which the radiation is believed
due to band-to-band transitions (mechanism 1) have
been reported in lightly doped (Nd ~ 1016 cm-3)
GaAs,20 in InAs,21 and in InSb.22 In all these cases
the intermediate step of exciton formation could
not be excluded. In most lasers of GaAs and InAs,
however, the radiation is believed to stem from
transitions between the conduction band and an
acceptor (zinc) level (mechanism 3). Again, exciton
formation cannot be excluded. In the "band-to-
band" GaAs lasers the energy of the stimulated
emission is 1.505 eV (77°K), and this emission is
believed to be associated with spontaneous emis-
sion whose spectrum can be correlated with the
absorption edge by the principle of detailed bal-
ance.23 In the "conduction band-to-acceptor" GaAs
lasers the energy of the stimulated emission is about
0.020 eV smaller. Similarly, the photon energy asso-
ciated with the "band-to-band" laser radiation in
InAs lasers is 0.020 eV larger than the energy asso-
ciated with the "band-to-acceptor" laser radiation.21

Thus the mechanism of the radiative transition is
not unique; and, even in the same laser diode, it
may be possible by changing the junction current
to change the recombination mechanism. The
mechanisms should be studied for themselves and
also with the hope that further understanding may
allow us to produce more useful lasers, i.e., lasers
in which Wcv is larger (the spontaneous line is more
intense and narrower) and the threshold current is
lower.

Much work is still required to understand the
details of the radiative transition, as illustrated by
the following example of a problem which may also
lead to a better understanding of semiconductor
physics. For diodes of heavily doped GaAs (~ 1018

cm-3) the intensity of the high-energy side of the
spontaneous recombination line increases with in-
creasing current and the peak intensity shifts to
higher energy. This increase has been attributed to
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band-filling of the tail produced by the heavy dop-
ing in the density of states, but there is disagree-
ment as to whether the tail is in the conduction
band or in the valence band. Dumke24 and others
interpret the results in terms of a tail in the con-
duction band, while Bagaev et al.25 insist the tail
is in the valence band.

Effects of magnetic field, pressure, temperature

Magnetic field, pressure, and temperature affect the
wavelength of the emission from semiconductor
injection lasers. The exact wavelength of the laser
output is determined by the effective length of
the semiconductor cavity,

m\ = 2nL, (9)

where n is the index of refraction of the semicon-
ductor. Thus the wavelength of a given cavity
mode, corresponding to a given value of m, will
vary as the index of refraction and the length of
the cavity. For the near-bandgap laser-radiation,
temperature, magnetic field, or pressure changes
have a larger fractional effect on n than on the
length L.

The cavity mode can be excited only if its wave-
length is close to that of the peak of the spon-
taneous emission (see the section above on laser
threshold conditions). For all the transitions shown
in Fig. 8 (if the pertinent impurity levels are rela-
tively shallow as they have been in all lasers so far)
the spontaneous line will change as the bandgap
changes. The temperature, magnetic field, or pres-
sure changes have a larger effect on the bandgap
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Fig. 9. Spectra of laser emission from cleaved
surface of In As diode at 4.2 °K for three dif-
ferent values of magnetic field (reference 26)

than on the cavity modes. Thus there will be small
changes in the wavelength of the excited cavity
modes and switching of these modes as the spon-
taneous line "moves through" and excites new
cavity modes.

The effect of the magnetic field on the emission
wavelength of an InAs diode laser26 is shown in
Fig. 9. The wavelength of the individual modes
changes by 13 A because of the change in the index
of refraction as the field was increased from 4.1 to
9.1 kG, and the modes switch as described above.
The appearance of mode structure, such as illus-
trated in all three spectra of Fig. 9, is an indication
of laser action. The separation between the adja-
cent modes of a Fabry-Perot cavity (modes which
differ by an additional half-wavelength between the
reflecting surfaces) is

AX =
X2

2L[n - \(dn/d\)]' (10)

and may be correlated with the length of the cavity
or may be used to de termine more accurately the
refractive index and its dispersion.27

In addit ion to affecting the wavelength of the
laser emission, increasing the temperature increases
the threshold current for laser action. For most
GaAs lasers, the threshold increases slowly with
temperature at low temperatures, but above 60°K
it increases very nearly as the cube of the tempera-
ture. Lasher and Stern10 have shown that this tem-
perature dependence is expected for band-to-band
recombination between parabolic bands with no
momen tum selection rules. Recent results by Dous-
manis et al.28 have shown that while the threshold
at low temperatures is higher in very heavily doped
GaAs, the temperature dependence of the threshold
in these materials is lower. They have reported
for these heavily doped materials threshold current
densities at room tempera ture of 41 000 A cm2,
which is more than a factor of two smaller than
those typically reported for other GaAs diode lasers.
T h e rapid rise of threshold current with tempera-
ture has precluded all but short-pulse operation at
room temperatures. Studies which might lead to-
wards further unders tanding of the temperature
variation and means of reducing it would increase
the practical utility of semiconductor lasers.

New developments

I have described in this paper the semiconductor
junction laser. Very recently diode lasers of InSb
have been reported29 in which the coherent radia-
tion emanates from the bulk of the semiconductor
in which an electron-hole plasma has been estab-
lished. The possibility of obtaining relatively large
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Fig. 10. Electron-gun cryostat system used in
electron-beam pumping of semiconductor
lasers.

coherently-emitting areas implies smaller beam

angles (8 «= A./d). The large radiating volume is

better suited for light amplification, higher output

power may be attainable, and, because the popu-

lation is inverted over a large volume, threshold

current densities may be lower.

Also very recently laser action has been reported

in InSb,"0 InAs,30 GaAs,31 and GaSb3-" when elec-

tron-hole pairs were generated by means of a beam

of high-energy electrons as illustrated in Fig. 10.

The technique of electron-beam pumping will

hopefully permit laser action to be obtained in

semiconductors in which it is difficult to produce

good p-n junctions or in which resistivities are so

high that series resistance and consequent heating

preclude the use of electrical injection. Typical of

these semiconductors are the zinc chalcogenides

which, if they lase, will emit in the visible region.

The semiconductor injection laser field is fast

moving and it has been difficult for the physics to

stay abreast of the technology. However, only if the

physics is understood will it be possible to optimize

intelligently the semiconductor lasers of the future.
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