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The present report reviews some investigations of the recombination
radiation of GaAs p-n junctions carried out at the Electronic Semicon-
ductors Laboratory of the Physical Technical Institute.

Kinetics of Radiative Recombination of Non-
equilibrium Current Carriers in GaAs p-n
Junctions
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1. The objects of study were p-n junctions
in GaAs obtained by diffusion of Zn or Cd
into n-GaAs with an electron concentration of
n,=10" to 10" cm™.

As is well known,” one can isolate several
bands in the spectra of recombination radiation
of p-n junctions in GaAs: short wavelength band
1) hyyn~1.47eV (77°K) and 1.36eV (293°K);
long wavelength band 2) Ayy,~1.25eV (77°K)—

this band is not observed at room temperature;
long wavelength band 3) hyye~1.02¢eV (77°K)
and 0.97 eV (293°K).

2. We still consider now the radiation in-
tensity of each band as a function of current
(Fig. 1).

Tne radiation intensity for p-n junctions pre-
pared with n-type GaAs having n,=10"~5X 10"
cm~® depends on current I in different way for
different bands @;. At low current densities J
(below 5A/cm®) @; for each band increases
superlinearly with the increase of current, i.e.

08
¢
S
10 WV=147eV)
w B /
%/04—
> 7 ,
l\l
IS // 8, (Ve l266Y)
B 07 L
> -
S / 8, (1\Vy1.022V)
PP G
10° /’ y
mf / W,
107
10° 0 10° 0 04 10°
I(mA)

Fig. 1. Current dependence of radiation

intensity for different spectral bands

at 77°K (area of p-n junction about 10-2cm?).
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@;~1I;, where y=1.5-2 for different specimens.
The radiation intensity of the short wavelength
band @, at J>10A/cm® as a rule, increases
linearly with increasing current.

The radiation intensity in the long wavelength
bands @, and @, at 77°K tends to approach
saturation with increasing current. For p-n
junctions prepared from n-type GaAs with
n,=10"® cm™® no saturation is observed in the
intensity within bands 2 and 3.

3. Let us consider the relaxation of the
radiation intensity in each band. If one passes
rectangular pulses of direct current through a
p-n junction, the following phenomena are
observed.

Voltage pulses on the diode remain rectangular
down to durations of about 10 nsec.

Radiation pulses of short wavelength band 1
also remain rectangular down to durations of
about 10 nsec.

Radiation pulses of long wavelength bands 2
and 3 turn out to be non-rectangular already
at microsecond current pulses (Fig. 2).

The shape of the long wavelength radiation

a) !
b ¢,

c) %,
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Fig. 2. Oscillographic traces of direct current
pulses through a p-n junction and of radiation
intensity pulses for different spectrum bands at
77°K.

a) current pulse (/=400 mA, =50z sec);

b) radiation pulse of short wavelength band 1
(hvy,=1.47eV);

c) radiation pulse of long wavelength band 2
(hvy,=1.27€V);

d) radiation pulse of long wavelength band 3
(hyy3=1.02eV).

303

pulses may be approximated by exponential
relationships as follows:

within the region of rise (r<<z)
@i(t): pm‘[l *exp (_t“'yfri)] 5

within the region of decay (#>7)
D;(t) =Pi(z) exp [~ (t—7)/zui] »

where 7 is the time reckoned from the beginning
of current pulse, ¢ is the duration of current
pulse, ¢,;—the time constant of radiation in-
tensity rise, @,;—the radiation pulse amplitude
at r»7,., tei—the time constant of radiation
intensity decay.

The time constant of radiation intensity rise
z, is the same for different parts of spectrum in
a band. For longer wavelength radiation (band
3) =, is larger than for the shorter wavelength
one (band 2). The magnitude of r, decreases
with increasing current for both bands (2 and 3).

For p-n junctions prepared from material with
n,=(1-3)x 10" ecm™, £,,~20 psec (77°K) and
~15 psec (293°K) at J~10 Ajcm® and ~I psec
(77 and 293°K) at J~100 A/cm®.

The time constant of radiation intensity decay
7, for different regions of the spectrum in a
band is likewise the same. For longer wave-
length band 3, ¢, is larger than for band 2. The
74 does not depend on current and decreases with
increasing temperature. For both bands (2 and
3) ¢, decreases with the increase of electron
concentration in the starting material. For p-n
junctions prepared from material with n,=(1-3)
> 10" em™, £,=10—30 psec (77°K) and 7—20
psec (293°K).  For band 3 at small J (below
50 A/cm®) ¢,5~74, Whereas at J>50 A/cm® 7,
<743. For band 2 at small J (below 50 A/cm?)
Tp2~Tas=2—4 psec.

4. It follows from experiments that the time
of current and voltage relaxation is several
orders of magnitude smaller than the relaxation
time of the long wavelength radiation intensity.

This indicates that, first, the current is deter-
mined by recombination of carriers not via the
deep levels responsible for long wavelength
radiation, since these levels do not markedly
affect the lifetime of minority carriers in the
allowed zone.

Second, the long wavelength radiation arises
as a result of recombination of a majority
carrier with a minority carrier trapped on a
deep level. This is confirmed also by the fact
that the time of radiation intensity decay does
not depend on injection level and decreases
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with the increase of concentration of equilibrium
majority current carriers in p- and n-regions of
a p-n junction.

The decrease of the time constant with the
rising of long wavelength radiation and the
tendency of this radiation intensity to saturation
with increasing current is due to the filling of
deep levels at the increase of current.

§2. A Comparative Study of Recombination
Radiation of GaAs p-n Junctions with and
without a Fabri-Perot Cavity

1. There were studied diodes whose p-n junc-
tions had been prepared by diffusion of Zn into
Te-doped n-type GaAs with electron concentra-
tion of 7x10""—3x 10" cm™, the area of a p-n
junction being about 107*cm?®.

The original diodes had two parallel mirrored
faces perpendicular to the plane of the p-n junc-
tion; two other faces were grinded (a Fabry-
Perot cavity). There were measured the de-
pendences of the halfwidth ¢ and of the energy
at the maximum Ay, of the main radiation
band on the density of current J through a
given p-n junction with and without a Fabry-
Perot cavity. On measuring the parameters of
a diode with cavity, the mirrored faces of the
diode were etched, after which the same meas-
urements were repeated without the cavity.
One recorded here the radiation leaving the
diode parallel to the p-n junction plane on the
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Fig. 3. Halfwidth ¢ and energy at the maximum

hyy of the main radiation band as functions of
the density of current J through GaAs p-n junc-
tion with Fabry-Perot cavity and through the
same p-n junction without cavity (open circles
diode with mirrored faces, full circles-diode
after etching).
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mirror side, and after etching the mirrors—on
the same side.

2. The results of the experiment are as
follows.

Throughout all the current density range
covered, the dependence 5=f(J) for a diode
without cavity has three clearly defined regions:
a fall-off at low current densities (the primary
spectral narrowing), a plateau and one more
fall-off at high densities (the secondary spectrum
narrowing); hyy varies from 1.41eV to about
1.47 eV, and at the secondary spectrum narrow-
ing hyy of a diode without cavity remains prac-
tically unchanged; /v, corresponding to the
primary narrowing is smaller than /iy, corre-
sponding to the secondary narrowing or to Ay
of coherent radiation (Fig. 3).

3. From the fact that § decreases with in-
creasing current starting from quite low values
of J (the primary narrowing) one may draw
two conclusions.

One is that, one may suppose that already
at low J the emission acquires a stimulated
nature, in other words, an inversion of popula-
tion of some allowed states is realized in the
semiconductor.

The other is that it may be supposed that
there is no stimulated emission, and the primary
narrowing occurs as a result of a displacement
over some allowed states of the Fermi quasi-
level for minority carriers whose effective mass
increases with increasing injection level.

The fact that within the primary narrowing
region ¢ of a diode with cavity is smaller than
o of a diode without cavity at the same current
densities permits to conclude that we have here
stimulated emission.

From the fact that /iy, corresponding to the
primary narrowing is smaller than Ay, for the
secondary narrowing it may be concluded that
the primary spectrum narrowing occurs as a
result of population inversion not of those
allowed states which are responsible for the
secondary spectrum narrowing, i.e. for the con-
ventional stimulated and coherent emission
peaked at hyy~1.47eV.""> The allowed states
responsible for the primary spectrum narrowing
probably may be ‘‘tails’ in the energy gap.

§3. Change of the Voltage-Current Characteristic
of a GaAs Laser at a Transition from Am-
plification of Radiation to Lasing

1. There were studied diodes with p-n junc-
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tions prepared from Te-doped n-type GaAs with
n,~2x10" cm™, the p-region being doped with
Zn and the area of p-n junction being ~107°
cm?,

The diodes had two parallel mirrored faces
perpendicular to the plane of the p-n junction,
two other faces being grinded (the Fabry-Perot
cavity).

There were measured the current through p-n
junction I as a function of diode voltage U
and the spectral distribution of radiation in-
tensity @ at different currents.

2. The results of the experiments are as
follows.

At diode voltages U> E /e (E, being the width
of the energy gap in GaAs, e—the electron
charge) the I-U characteristic has two linear
regions with a sharp transition from one to
another, in other words, there appears an in-
flection in the I-U characteristic (Fig. 4).

If we correlate the I-U characteristic (Fig. 4)
with the spectral distribution of radiation in-
tensity at different currents (Fig. 5) we shall see
that the inflection in the I-U characteristic
occurs at the transition from radiation ampli-
fication to lasing, i.e. the inflection current
I,=1I, which is the threshold of coherent emis-
sion (Figs. 4 and §).

The cutoff voltage (determined by extrapolat-
ing the linear dependence I-U to I=0) corre-
sponding to the first linear region. U, =1.47
+0.01 V. The energy at the maximum of the
main radiation band /vy =(1.46-1.47)+0.005 eV,
i.e. Uyr~hyyle.

The differential resistance Rg, (Rs=aU/al
within the linear region of the I-U character-
istic) corresponding to the second region of the
I-U characteristic (after the inflection) is a factor
of 1.2-1.5 smaller than Ry, corresponding to
the first region of the I-U characteristic (before
the inflection).

If we mechanically grind the mirrors of the
laser cavity, in other words, if we damage them,
both lasing and the inflection in the I-U charac-
teristic at I, disappear.

Thus it follows from the experiment that the
linear characteristic I-U of a laser undergoes
inflection at a transition from the amplification
of emission to lasing, i.e. that Rg changes here
practically stepwise and does not depend on the
current before and after the onset of lasing.

3. Let us consider the reason for such inflec-
tion in the I-U characteristic.
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Fig. 4. The current vs. voltage characteristic of
diode 15 at 77°K before and after the onset of

lasing.
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Fig. 5. Sepctral distribution of radiation intensity

of diode No. 15 at different currents.

a) before lasing (I=1.70 A);

b) at the threshold of lasing (/=1.705 A);
c) after the onset of lasing (/=1.72 A).

(the vertical scale being the same in all cases).
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The most probable reason for the decrease of
Rg at U>E,/e is the increase of current carrier
concentration in the bulk as a result of intrinsic
photoeffect caused by photons which are emitted
due to recombination of nonequilibrium carriers.

Before the onset of lasing the light propagates
mainly perpendicular to the plane of the p-n
junction. Here only a small fraction of photons
can cause photoeffect in the p-region, and the
major number of photons is absorbed by free
holes. Therefore when light propagates per-
pendicular to the p-n junction plane, Rg does
not change with increasing current.

After the omset of lasing, light propagates
mainly parallel to the p-n junction plane. Now

the light localizes in the vicinity of the space
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charge layer within a region of about some
microns in size, i.e. in the nondegenerate part
of the p-region where photoeffect can take place.
As a result of the photoeffect, the concentration
of carriers increases sharply, and this part of
the p-region is excluded from the total resistance.
Therefore an inflection occurs in the I-U charac-
teristic.
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