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Superhlgh Differential Quantum Efficiency and
Strong Self-Sustained Pulsation in
,CW DH Laser Diodes ’

CHLMING WANG, LI-QING ZHAO WAN-RU ZHUANG, JING-MING CHANG, CHUN-SHAN CHANG AND
ZHEN-QIU WU

Abstract—Some experimental results in GaAs DH lasers having a
stable, Jong operating-time, such as nonlinear superhigh differential
quantum efficiency, the behavior of light output saturation and sudden
growth again in the same filament, strong self-sustained pulsation, and
so on, are presented. A model of double filaments caused by the non-
uniform distribution of aluminum in the active layer of the laser diode
is presented to explain their anomalous behavior qualitatively.

I. INTRODUCTION

HE transient response in laser diodes is an important fac-

tor for application to optical communication. At present,
the self-sustained pulsations appearing in AlGaAs DH laser
diodes interest scientists: and engineers. Some mechanisms
causing pulsation have been suggested, such as second order
mode locking [1], deep-level traps [2], and saturable absorp-
tion effect [31]- [5] and so on, but more attention is paid to
the latter.

Manuscript received September 8, 1981.

C,-M. Wang, L.-Q. Zhao, W.-R. Zhuang; and J.-M. Chang are with the
Laser ‘and- Luminescence Division, Institute of Semiconductors, Aca-
demia Sinica, Peking, China.

C.-S. Chang and Z.-Q. Wu are with the Department of Physlcs, Hopel
University, Hopei, China.

We also have observed this behavior in AlGaAs DH:laser
diodes made in our laboratory and found some new phe-
nomena. The devices are made by conventional LPE technol-
ogy ‘on (100) plan of GaAs substrate. Five layers are grown.
They are n-GaAs (buffer-layer), N-Aly 35Gag 65 As (Te-dopéd),
p-Alg 05Gag o5 As (Si-doped active layer), P-Aly 35Gag.65As
(Ge-doped), and p-GaAs (Gé-doped cap layer). The thickness
of the active layer is about 0.3-0.5 um. Otheér parameters are
the same as those in [6]. The stripe-geometry -structure is
formed by proton bombardment with a stripe width of 12 um.
The length of the cavity is about 300 um. The depth on the
proton bombardment is just inside the p-type confined layer.
Contacts of - Cr-Au-Zn and -Au-Ge-Ni are applied to ‘the
p-side and substrate side of the chips, respectively. The CW
threshold current density Jy, is about 1000-3000 A/cm?.

II. L-I CHARACTERISTICS ON.LASER DiODES

Most laser:diodes have a normal L-I curve without “kinks,”
but some are quite different.

Two kinds of anomalous dc L=I curves.have been measured
as shown in Fig. 1. .Laser diodes 4 show an anomalous wide
flat step, while laser-diodes B show:an-anomalous superhigh

0018-9480/82/0400-0441300.75 © 1982 IEEE
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Fig. 1. DH laser L~I characteristics.

differential quantum efficiency at certain values of current.
Sometimes, both anomalous characteristics are present to-
gether in the same diode. The important fact is that the operat-
ing time of these lasers could at least exceed more than sev-
eral thousand hours.

III. NEAR-FIELD PATTERN

The near-field pattern in these laser diodes have been ob-
served, especially in diode B, at various operating currents. The
space resolution is about 1 um. As shown in Fig. 2, two fila-
ments lasing in this diode appeared at a certain higher injection
current (185 mA). When the operating current is below this
value, there is only one filament present. It is interesting that
when the operating currents are between 141 and 185 mA, the
optical output p- .ers are nearly tending to saturation, which
corresponds to the flat step in the L-I curves. However, if we
increase the operating current to 195 mA, the second new fila-
ment L, will grow rapidly and the first filament L, will sud-
denly increase at the same time. Consequently, the total light
output suddenly increases. This nonlinear effect results in the
superhigh neyt presented in the laser diode.

IV. POLARIZING CHARACTERISTICS

TE and TM polarizing mode radiation have been measured in
these diodes. According to Fig. 3, we can see that, for these
laser diodes, the light output is predominantly TE polarized.
The lower TM mode light output only represents the sponta-
neous radiation in the laser diode. There are two flat steps
present in the TM mode output curve. These behaviors are
just the opposite to those in the TE mode output curve. It
means the saturation of the spontaneous radiation and lasing
in the diode. Obviously the first flat step means lasing in fila-

ment L,. Between B and C, the spontaneous radiation is un--

saturated and continuously increases. It means that, at the
very beginning from B, the radiation of filament L, contrib-
utes to the total TM mode output dominantly.
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V. LASING SPECTRA

Initially, we measured the lasing spectra in total light out-
put as in Fig. 4. It was made in three current levels that corre-
spond to different operating regions. It is found that at the
current corresponding to the first linear operating region
there is only one family of modes with a peak wavelength at
8120 A. But in portion B, another mode family appears on
the short wavelength side about 30-40 A away from the main
peak. When the current increases to about 150 mA, which
corresponds to the laser diode operating at the superhigh dif-
ferential quantum efficiency region, the shorter wavelength
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mode family suddenly increases rapidly. It seems to be
dominant in this operating .current region. Second, we mea-
sure the light output of both peak wavelength distributions
across the near-field position at the same current. As shown
in Fig. 5, when the operating currents are lower, there is no
emission from filament L,. The light output from L, at
these operating currents are almost completely of longer peak
wavelength. When the filament L, lases, it is almost com-
pletely of the shorter wavelength group. However, at that
current, the spectra family of filament L, is complicated.
According to these results; we suggest that the energy gap
of material in filament L, is wider than thatin L,.
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V1. SELF-SUSTAINED PULSATION

The transient response was observed in diodes having super-
high differential quantum efficiency at different operating
currents, as presented in Fig. 6. The time resolution of mea-
surement system is about 1 ns. We found that when the cur-
rents are in the first linear operating region, the transient
behaviors are just like a normal relaxation oscillation with
frequencies of about 0.5-2 GHz, but it increases with the in-
crease of the current. When the diode operates in the region
of the flat step, the relaxation oscillation frequency will reach
a higher value; it is about 1-2 GHz and the damped out will
be faster. When the diode operates at the current region of
superhigh differential quantum efficiency a strong stable self-
sustained pulsation following the relaxation oscillation readily
comes in with a frequency of about 2 GHz.

VII. TRANSIENT RESP‘ONSE AT DIFFERENT
WAVELENGTH RANGES

The transient response was observed on another laser diode
at different wavelength range, as shown in Fig. 7. The response
can be divided into two parts, that is, a fast damped relaxation
oscillation, and a slow damped pulsation. The wavelengths A;
emitted from relaxation oscillation are in the range of 8264-
8270 A and A, emitted from pulsation are in the range of
8234-8256 A. The difference of peak wavelength AM is about
30 A, But in other diodes, A\ of 70 A also can be observed.
We believe that the relaxation oscillation must come out in
the filament L, and the output in the pulsation is contributed
predominantly by the filament L,.

VIII. DiscussioN

According to our experimental results presented above, we
suggest a model of double diodes connected in parallel caused
by the nonuniform distribution of Al in the active layer,
which can be used to explain these experimental results quali-
tatively. As shown in Fig. 8, the stripe region of the active
layer can be divided into two parts corresponding to filament
L, and L,. It is just like two diodes D; and D, connected in
parallel, having respectively forward turn-on voltages ¥, and
V,. When the bias exceeds V; but below V,, only the fila-
ment L, will be able to lase at a peak wavelength A, corre-
sponding to the energy gap Eg;. When the bias exceeds V5,
the filament L, will be able to lase at a shorter peak wave-
length A, corresponding to E As shown in Fig. 9, when
the bias is below V,, there are only a few electrons injected
into diode D,, while a great number of clectrons will be in-
jected into diode D;. If the electron density injected into
the conduction band of diode D, is above the threshold den-
sity, it will be lasing. But diode D, is still an absorption
region, including intrinsic and free carrier absorption. So
the lasing light emitting from diode D, passing through diode
D, will be strongly absorbed when the difference of the energy
gap is not very large.

In this case, the threshold gain equation in L ((D,) is given

1

1
gth1F1 =‘(X1F1 +a2[‘2+adl"d+-L—ln~R~ (1)
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where &,
'y, ', are the confinement factors, respectively, in L, L,;
Ty is the confinement factor in the other diffraction
region; :
oy, 0, are total losses, respectively, in L1, L,; -~
Oy is the loss in the other diffraction region;
L is the length of laser cavity, suppose that it is the
same in Ly and L,;
R is the reflection coefficient at the both end surfaces.

The location of electron quasi-Fermi level Fr; is determined
by the threshold gain gy, But increasing the bias ¥ to more W 777%\ ﬁ %\
than V,, the diode D, will begin to lase. At that time, the % '
intrinsic absorption will tend to zero, or rather, tend to have a  Fig. 9. Energy band structure in the active layer in filaments /;, and /5.
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negative absorption. It means that a, in (1) will drastically
reduce to a minimum value o, a3 << a,. So does the gy, to
8n1:
r
Agin, =8, - &n, = 1-\_: Aa,. 2
Therefore, the threshold current of diode D; will suddenly
lower to a value J4,, and AJyy,; is determined as follows:

AJm, =, - T,
d d I,

A =— == A«
n:B £th, B Ty~ 2

(3

where

d is the thickness of the active layer, .
n; is the internal quantum efficiency,
B isa constant.

The quasi-Fermi level of electrons in filament L, will go to
Epy from Epy as shown in Fig. 9. So the electrons occupied in
the states between Epy and E 4 will be suddenly in transition to
valence band and that will cause the emission of an additional
lasing light power AL, ’

AL =TNext T BJn, 4)
where ney: is the external quantum efficiency and », is the fre-
quency of the radiation from filament L,.

Since these electrons are just like being stored there before,
this makes possible the generation of a superhigh differential
quantum efficiency similar in a Q-switch (in fact, it is a light
output jump) and giving rise to a nonlinearity in the gain.

The transient behavior of electrons and photons on fila-
ment L, and L, are determined by rate equations, as follows,
respectively,

% = -q% - % - 8,81+ DV*ny +u, div(m E) )
%:%_ %—g2S2+DV2n2+un div (n, E) (6)
%Stzzglsl_% @
TS ®

Tp 2

Suppose that the thickness of active layer d, the spontaneous
recombination lifetime 7g,, the mobility of electron u,,, and
the diffusion coefficient D are the same in L, and L,. S, S,
J1, J2, Tp1, and 7, are the photon density, injection current
density, and the photon lifetime in cavity, respectively, in
filaments L, and L.

The relation between injection electron density N and gain
g having a linear function, is given by

gxan

)

where 4 is a constant.
As mentioned before, the injected electrons always fill in
the bottom of the conduction band in filament L before L,.
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Filament L, always begins to lase at first and emits light hav-
ing a peak wavelength of A;. S; will have a normal relaxation
oscillation as shown in Fig. 7. The injected electrons will be

continuously filling in the conduction band of filament L,.

On the other hand, the light emitting from L, passing through
L, also pumps the electrons from valence band to conduction
band. After a relaxation time 7z, they both will increase the
electron density in L, to reach the threshold value Ny,. Then
L, will begin to lase. The light output will rapidly grow again
as shown in Fig. 10. Suppose that the electron transfer from
L, to L, can be neglected, the 75 is given by

("M an . Jy =Ty 10
TR g 7 n =Tspln T~ (10)
2 —— o —— 2
qd  Tep
where
d
J%:q—n’z
sp

and nj is the electron concentration in L, corresponding to
the quasi-Fermi level £, just being agreed with Epy.

Because the transient values of photon densities S; and S,
significantly exceed the stable values S;o and S,o which de-
pend on the photon lifetime 7,; and 7, , the recombination of
the electrons in the bottom of conduction band will exceed in
stable values. But the photons are still continuously emitted
out of the cavity so this process leads to a stop in the lasing
of the diode. When the electron concentration in L, is lower
than the threshold value ny, by an amount of A#n,, at that
time the total light output will decrease to the lowest level.
After that, the injection processes will begin again. The only
difference is that the background photons in L, and L, are
much more so the threshold values ny,; and 1y, will be lower
than before and the relaxation time T, required for L, to
lase again will be shorter than before and

nth, dn
Tp = j J, n
n A

th,-Anz 2 -
qd gy
_ L 1+ AJZ Jthz
" Topdn Jin, I Jm,

AJa = (Jiha/na) An,. (11)
As soon as the second light output pulse reaches its maximum,
the dropping process will repeat as before. Obviously, the
light output from L, must be dominant in total output as
shown in Fig.-7. It is this periodic process which constituted
the self-sustained pulsation in these laser diodes. The pulse
frequency fis given by

(12)

However, according to our experimental results, the ratio of
AJ,y[Jihy is so small; therefore

PEERI LY

13
T, 73540, (13)

Jina
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Fig. 10. The transient process of pulsation in DH laser with two fila-
ments having different turn-on voltages.

In general, we suppose the ratio of AJ,/Jy, is about 1072
and 7y, =2.5 ns. Therefore, when the ratio of J - Jyn,/Jyn, is
in the range of 5 X 1073-5X 1072, the frequency f will be
in the range of 0.2-2 GHz. It agrees well with our experi-
mental results.

Since the nonuniform distribution of Al can be in two-
dimensions the problem is more complex than discussed
above. In that case, more diodes will be connected in series
and in parallel with each other, and have different forward
turn-on voltages. In spite of that the model of two diodes
connected in parallel can be used to well explain the behavior
observed in our laser diodes qualitatively.
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A Theoretical Analysis on Transmission
Characteristics of Semiconductor Lasers

YONG-ZHENG SHAN anDp BAO-XIUN DU

Abstract-In this paper, on the basis of classical control theory trans-

mission characteristics of semiconductor lasers will be analyzed. In the
case of small-signals semiconductor lasers is considered as an isolated lin-
ear system and the rate equation desctibing its physical process is linear-
ized; four kinds of transmission functions showing its transmission
_characteristics have been obtained by using network theory; response
characteristics to optical-electrical input signals and corresponding
equivalent network are then given according to the transmission func-
tions, and transmission characteristics are, in turn, analyzed and syn-
thesized according to the transmission functions and the equivalent
network.

I. INTRODUCTION

great number of studies on transmission characteristics
of semiconductor lasers have already been reported
[1}-[3]. However, the analysis for its transmission character-
istics often needs to solve complicated rate equations first; this
sets forth before us a problem: whether a series of mathemati-
cal modes and corresponding equivalent networks canbe estab-
lished in a semiconductor laser system as that in other semi-
conductor devices. If it can be done, not only will the analysis
process be simplified, but also the analysis and $ynthesis for
the transmission characteristics can be brought into the well-
established network theory.

In view of the control theory, semlconductor lasers can be
considered as a relatively isolated system, merely controlled
by external signals through “input” and giving its response to
external signals through “output.” If this system is a linear
system, the excitation function is M(¢), and output Q(), then

> a

i=0

4;09(r) = 2 b MDD (1)
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Through the Laplace transform, we obtain the equation

0) - 3 ap'=Mp) - 3" byp! @
Hence, - a

0() = G(p) - M(p) ®
where

,G(p)=]io b Zo ap'. )

G(p) represents the transmission characteristics function of
the system.

Supposing p = jw, we get the steady-state frequency response
G(jw); when we have the inverse Laplace transform of G(p),
the impulse response of system G(f) is obtained, and the cor-
responding equivalent network of the system can be given
according to the pole distribution of G(p). Then, the output
response characteristics of the system can be controlled by
changing the excitation function and the parameters of the
system itself, so the system can be synthesized according to
the required response characteristics.

Based on the above consideration, in the case of small signal,
the rate equations describing the physical process of semicon-
ductor lasers are normalized and linearized in this paper And
four kinds of transmission functions showing transmission
characteristics of semiconductor lasers are obtained through
the Laplace transform. By the use of network theory, and
according to the pole characteristics of the transmission func-
tion, semiconductor lasers are classified into double-pole
systems with equivalent or unequivalent real number poles,
or with conjugate complex number poles, and the correspond-
ing equivalent network model is given. According to the
transmission function and the equivalent network, transmis-
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