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Output Characteristics of RF-Modulated Laser Diodes

T. Wicht, S. Schuster, H. Haug, Joachim Sacher, M. Hofmann, Wolfgang Elsisser, and Ernst O. Gobel

Abstract—We examine theoretically and experimentally the
output characteristics of periodically current-modulated laser
diodes with and without an external resonator. The total emit-
ted intensity per modulation period shows, as a function of the
dc part of the pump current, a characteristic saturation behay-
ior (kink) each time before the number of emitted pulses per
modulation period increases.

I. INTRODUCTION

SEMICONDUCTOR lasers can be employed as com-
pact, reliable sources for the generation of short laser
light pulses. Gain switching and active mode locking are
the most common techniques to obtain stable pulse trains.
In gain switching experiments, a dc pump current keeps
the diode below or close to threshold, and a superimposed
modulated pump current drives the laser diode periodi-
cally above the threshold [1]-[3]. Placing a laser diode
with antireflection coating on one of its endfaces in an
external resonator and modulating the diode with a fre-
quency close to the roundtrip time introduces mode lock-
ing [4]-[6]. With this technique, the pulses can be short-
ened further, and pulse-to-pulse time jitter can be reduced.

Chaotic motion or period doubling sequences [7]-[10]
may occur for modulation frequencies comparable to the
intrinsic relaxation oscillation frequency of the laser
diode. For much smaller modulation frequencies, no ir-
regular behavior is expected if the diode is not self-puls-
ing; nevertheless, in the gain-switched as well as in the
mode-locked case, one can obtain multiple pulses per
modulation period [11]-[13]. Multiple spiking can be
caused by reflections at the diodes’ endfaces if the optical
pulses are shorter than the diode roundtrip time [14], [15];
but for gain-switched diodes, spiking is in general a man-
ifestation of the relaxation oscillation frequency [7], [8],
[16]. Thus, more and more pulses per modulation period
are obtained when the dc part of the current is increased
keeping the sinusoidal current modulation constant [11].

We consider in this paper the light—current output char-
acteristics and the time-resolved light output of a gain-
switched semiconductor laser with and without an exter-
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nal resonator. We show theoretically and experimentally
that nonlinear output characteristics can be obtained with-
out introducing an intensity-dependent gain saturation. A
saturation kink in the light-current characteristics occurs
each time the number of pulses emitted per modulated pe-
riod increases by one. This nonlinear behavior of the out-
put characteristics for a mode-locked semiconductor laser
has been reported previously [17], but has been assumed
to be due to nonlinear gain saturation. We will show that
a very similar behavior for the light-current characteris-
tics is obtained for the mode-locked laser in an external
cavity and the solitary laser, even though the mechanisms
which yield the multiple pulse emission in both cases are
rather different.

II. GAIN MODULATION IN AN EXTERNAL RESONATOR
CONFIGURATION

We first consider an experimental arrangement as usu-
ally employed for active mode locking of diode lasers:
one facet of the laser diode is antireflection coated and the
diode is coupled to an external mirror using a microscope
objective. The pump current of the laser is then modu-
lated with a frequency close to the roundtrip frequency of
the external cavity.

We now investigate the rate equations for the intensity
of the traveling lightwaves and the carrier density. The
light intensities in the diode (measured in terms of the
photon density) of the forward and backward running
wave /" and I~ obey the equations

a ] N
<5 v P (g(N() - vgaim)> I7(z, ) = BN@®)
)]

where v, is the group velocity, g (N (7)) is the optical net
gain per unit time which depends on the electron-hole
plasma density N, and «, is the internal loss per unit
length. 3 is the fraction of spontaneous emission into the
lasing modes. The time is measured in units of the spon-
taneous recombination time 7.

The density of the thermal electron-hole plasma in the
active region of the diode is assumed to be spatially ho-
mogeneous. This assumption is valid if the light pulse
length is large compared to the length of the diode, and
if the wavelength is short compared to the diffused length.
Both assumptions hold for the experiments analyzed in
this paper. The rate equation for the plasma density is
given by
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where j(¢) is the injection rate of the carrier density. This
injection rate is modulated periodically:

.’(t) = jO + jm sin Wpl - (3)

The constant injection rate j, corresponds to the dc cur-
rent and is choosen to be below the laser threshold. We
consider (1)-(3) for a small detuning 8 between the total
round-trip time in the resonator 75 and the modulation pe-
riod 7,,, i.€.,

8 =T — Ty << Tp.
An integration of (1) yields the difference equation
I*(z + Az, t + AD)
=I%@z, 1) S + At 1)

1+ At
+ 8 S dr' N(t') St + A, t')

where

S(r, ') = exp H,,dt” [g(NG")) = vga-.m]] )

with Az = v,At. The boundary conditions at the endfaces
of the laser diode are

1Y, =R, 3)
I"L,H) =RI*(L,t — 7 + 7). 6)

Here, 7, is the round-trip time in the laser diode. L is the
length of the diode, and R, and R, are the refiection coef-
ficients of the uncoated diode endface and of the external
mirror, respectively. We assume that the main effect in-
troduced by the intracavity optical elements is a change
in the optical length of the cavity and can be regarded by
an effective 7z.
Under the condition

<< 1 Q)

N
AT —
N

we can compute (4)-(6) together with (2) on a space-time
lattice of width A7 = 7,/2n. For high pulse intensities,
the change of the carrier density is dominated by stimu-
lated emission, so that (7) becomes a condition for the
maximum allowed pulse intensity.

We take the gain function in a linearized form

gIN®) = AN® — N) ®

where A = dg /0N, and N, is the transparency density.
Note that no saturation is taken into account. The average
intensity is calculated as

exp [(gn (N AT] —

1 0 -
= 8er(N®)7,/2 PAUREO
28N <CXP [gen(N@)AT] =1 1>
8eer(N (D)) gei(N(O)AT

with the effective gain
8ei(N(@®) = gN(®) — Vygtin &)

where I are the intensities on the kth place of the lattice.
The contribution of the spontaneous emission is important
in numerical calculations to achieve a fast convergence
with decreasing lattice width.

In Fig. 1, the output characteristics are shown for three
different modulation frequencies. For reasons discussed
below, the effective round-trip time is taken for all curves
to be 7 = 3.3 ns corresponding to a cavity resonance
frequency of 300 MHz. The other parameters used in the
calculations are listed in Table I. The calculated output
characteristics are highly nonlinear for 6 > 0 and show
pronounced kinks. We also have calculated the time-re-
solved emission output and plotted the result in Fig. 2 for
three different dc currents as marked in the characteristics
(Fig. 1) by a, b, and c. In addition, we show in Fig. 2 the
temporal variation of the electron-hole density. The
threshold carrier density is indicated by the dotted line.
Comparison of Figs. 2 and 1 reveals that the number of
pulses emitted in one modulation period increases by one
whenever a saturation structure appears. Thus, the kinks
in the output characteristics are connected to multiple-
pulse emission and can be explained as follows. When the
carrier density in the diode exceeds the threshold value, a
first light pulse is emitted. After one round-trip time 7,
the pulse reenters the diode again, now delayed with re-
spect to the modulation, and bleaches the gain bringing
the carrier density back below the threshold value. For 2
sufficiently high dc current, the density may exceed the
threshold density a second time during the pump pulse
and a next light pulse will be emitted. The current re-
quired to bring the density again above threshold causes
the saturation kink in the output characteristics. Only after
the threshold of the second pulse per modulation period
is reached does the total light intensity increase again
strongly with the dc current. Further increase of the dc
current may generate a third pulse with a corresponding
structure in the output characteristics, and so on. Multiple
pulse generation occurs only within a certain regime for
positive values of the detuning &. For small positive de-
tuning, the thresholds for multiple-pulse emission are
reached for smaller increments of the dc current, but the
corresponding structures in the output characteristics are
correspondingly small. For negative detuning, the light
pulse precedes the maximum of the modulated gain and
occurs at the rising edge of the carrier density [18]. One
always obtains one pulse per modulation period, and con-
sistently no steps are obtained in the intensity-current re-
lation. The detuning value at which the structures in the
characteristics vanish can therefore be used to determine
the tuned situation & = 0, and thus the effective roundtrip
time in the cavity. ’

These theoretical predictions are in close agreement
with experimental findings. In Figs. 3 and 4, we depict
experimental results for the output characteristics and the
time-resolved emission of the laser for an experimental
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Fig. 1. Calculated light-current characteristics of the external cavity laser
and three different modulation frequencies ( - - - - 300 MHz, 301.2
MHz, ---- 302.2 MHz).
TABLE 1
PARAMETERS USED FOR THE CALCULATIONS
Variable Symbol Value Unit
Diode roundtrip time 7 6.6 ps
Spontaneous lifetime T 0.365 ns
Gain coefficient A 24 -10°° cm’s™!
Carrier density for transparency N, 8.9 - 10" cm™?
Spontaneous emission coupling B8 107¢
Mirror reflectivity R, R, 0.34 and 0.4
Group refractive index n, 4
Internal loss . 4.04 cm™!

configuration equivalent to the model used in the above
calculations. We use a GaAs-AlGaAs index-guided dou-
ble heterostructure laser diode (HLP 1400). The residual
reflectivity of the antireflection coated endface of the diode
was less than 0.1%. The external resonator length was L
= 50 cm corresponding to a resonator frequency 73" =
300 MHz. The effective reflectivity of the external mirror
configuration including the coupling losses was 40%. In
order to control the wavelength and spectral bandwidth,
we also employ an intracavity etalon. The dc and the si-
nusoidal ac component of the injection current are super-
imposed in a bias tee. The time-averaged light output of
the external cavity laser is detected by a slow Si PIN-
photodiode, and the time-resolved output is analyzed with
a synchroscan streak camera with a time resolution of 10
ps. The time-averaged light intensity of the modulated
laser versus the dc current is depicted in Fig. 3 for three
different modulation frequencies: 300, 301.2, and 302.2
MHz. As expected from our calculations, the light-cur-
rent characteristics are linear without kinks for modula-
tion frequencies of 300 MHz and below. For the two
higher frequencies, the characteristics show saturation
kinks followed by a steeper increase. The saturation kinks
occur for larger increments of the dc current when the
modulation frequency is increased. The time-resolved
output of the RF-modulated external cavity laser is de-
picted in Fig. 4 for a modulation frequency of 301.2 MHz,
and for three different currents marked by a, b, and ¢ in
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Fig. 2. Calculated intensity pulse pattern and plasma density patterns
(dashed line) of the external cavity laser for the three dc currents marked
as a, b, and c in Fig. 1 at the 301.2 MHz characteristics. The stationary
threshold plasma density is given by the dotted line.
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Fig. 3. Experimental light-current characteristics of the external cavity
laser and three different modulation frequencies (- - - - 300 MHz,
301.2 MHz, ---- 302.2 MHz).

Fig. 3. These streak camera traces reveal clearly that the
number of pulses generated per modulation period in-
creases, indeed, by one each time a kink in the output
characteristics is passed, which can already be seen from
the observed pulse patterns of Fig. 1 of [17]. Thus, we
conclude that the nonlinear output characteristics of the
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Fig. 4. Experimental pulse patterns of the external cavity laser for a mod-
ulation frequency of 301.2 MHz at three dc currents marked as a, b, and ¢
in Fig. 3.

mode-locked semiconductor laser are due to multiple pulse
generation. However, opposite to the analysis in [17], we
do not have to introduce an intensity-dependent gain sat-
uration.

In order to obtain a better understanding of the detuning
dependence and to establish a connection with the solitary
diode (without external cavity), we make the following
considerations. For moderate pumping, (5) will be satis-
fied for a time step A 7 which equals the roundtrip time in
the diode, i.e., A7 = 7;. Then the intensity equation re-
duces to a map for the intensity of the forward running
field at the antireflection-coated diode surface.

IY(L, t + 1)
=1I"(L, 1) exp [gen(N(t + 7R))7; + In (R, Ry)]
(10)
where 1, is the spontaneous emission amplified by the

medium during one round-trip:
BN @)
8er(N (1))

+ 150+ 1)

I0 = <R| exp [gerr(N () 7;]

+ (1 = R) exp [geff(N(z» ﬂ = 1>. (11)

After the initial deviations have died out, the intensity
and the carrier density are periodic with the period 7, of
the pump modulation. Therefore, the pulsed intensity ob-
eys (10), in which the photon and the carrier densities are
replaced by their stationary pulse values I} (f) and N, (¢)

log(Tp)

log(d)

Fig. 5. Logarithmic plot of the time delay 7, between the first and second
pulse (full line) against the detuning 8. The thin lines show the delays be-
tween second and third ( ) and between the third and fourth pulse
(----), respectively. The square-root approximation of (14) is given by
the dotted line.

(with 0 < ¢ < 7,), respectively. The round-trip time 74
is replaced by the detuning 8.

In the pulsed case, (10) can be approximated for small
deviations of the gain from the threshold value and small
detunings, i.e.,

T (AIN + 1(g(N) — 7,,))
6 << 1
1
by the differential equation
. ; 1 15,
== <<g(Ns(t)) - —> If@ + —p*> a12)
] Tph i

where ¢ runs over the time interval of one modulation pe-
riod (0 < r < 7,). A similar equation can be found for
the averaged intensity in the diode. This equation is iden-
tical with the single-mode rate equation for the photon
density of a solitary diode with the same gain and a pho-
ton lifetime 7,, given by

1 In (R\R,)

T = U Qi —
Tph 7

(13)

except for the prefactor 7;/8. Therefore, within our
model, the actively mode-locked diode in an external cav-
ity behaves like the solitary laser modulated at the same
frequency and with a net gain enhanced by 7;/8. The re-
laxation oscillation frequency of such a laser is

/Ti . .
Q) = E A = Jm)-

Since the multiple spiking of modulated solitary diodes
is caused by relaxation oscillations, the pulse period in
the mode-locked case should be proportional to the square
root of & according to (14). Fig. 5 shows for the first three
multiple-pulse solutions that this relation is indeed ful-
filled approximately, in spite of the fact that the modula-
tion is by no means a small signal.

(14
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Fig. 6. Experimental light-current characteristics of the solitary laser diode
for three different modulation frequencies 150.6 MHz (left), 301.2 MHz
(middle), and 451.8 MHz (right).
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Fig. 7. Experimental pulse pattern of the solitary laser for a modulation
frequency of 301.2 MHz and for three different dc currents marked as a,
b, and ¢ in Fig. 6.

It is known that the frequency of the relaxation oscil-
lations of a laser with a long external cavity is by orders
of magnitude smaller than that of the solitary laser [19].
It is interesting to note that the relaxation oscillation fre-
quency of the solitary diode reappears when active mode
locking is applied.

Equation (12) becomes invalid for |§| << 7;, because
shorter and more intense light pulses are obtained for de-
creasing detuning values, so that the condition (7) is vi-
olated. The shortest pulses are obtained for small but fi-
nite positive detuning. For negative detuning, the
dynamics of the intensity is ‘‘time reversed’’ as compared
to the solitary diode. This explains again the lack of mul-
tiple pulse solutions.
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Fig. 8. Calculated light-current characteristics for the solitary laser for
three different modulation frequencies and modulation amplitudes (
150.6 MHz and 45.5 mA, ---- 301.2 MHz and 41.5 mA, and - - - -
451.8 MHz and 38 mA).
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Fig. 9. Calculated patterns of the intensity pulses ( ), the plasma
density (----), and the injection current ( - - - - ) of the solitary laser diode

for three dc currents marked in Fig. 8 at the 301.2 MHz characteristics.

III. Outpur CHARACTERISTICS OF THE MODULATED
SoLITARY DIODE

In order to check the predicted similarity between the
mode-locked laser and the solitary laser [see (12)], we
measured the characteristics of an uncoated CSP Laser
(Hitachi HLP1400) without external cavity, again for
three different modulation frequencies (150.6, 301.2,
451.8 MHz). The resulting characteristics obtained with
a modulation amplitude which is 0.83 times the current
threshold of the solitary diode are shown in Fig. 6. As
expected from (12), the characteristics show the above-
discussed structures due to multiple pulse emission. The
measured time-resolved light intensities are shown in Fig.
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7 for a modulation frequency of 301.2 MHz and three
different dc currents, again indicated in Fig. 6 by a, b,
and c. As in the case of external feedback, the saturation
kinks are related to the occurrence of satellite pulses. Nu-
merical simulations using rate equations of the type given
in (2) and (12) are depicted in Figs. 8 and 9 showing the
output characteristics and time-resolved output, respec-
tively. The excellent agreement with the experimental re-
sults (Figs. 6 and 7) reveals that in fact already the rate
equation model reproduces the saturation kinks without
inclusion of a nonlinear gain. The inclusion of an explicit
intensity-dependent gain saturation only results in an
overall slight decrease of the slope of the intensity-cur-
rent characteristics.

IV. CoNcLUSIONS

We have calculated and measured the light-current
characteristics and the time-resolved output of an RF-cur-
rent modulated semiconductor laser. We consider both
cases: the laser with an external cavity used for active
mode locking and the solitary laser diode. We demon-
strate experimentally and theoretically the occurrence of
saturation kinks in the light-current characteristics due to
the onset of multiple pulse emission within one modula-
tion period. This saturation behavior does not require a
nonlinear gain coefficient. The formation of the satellite
pulses which develop with increasing pumping into mul-
tiple pulses is solely due to the dynamics of the plasma
density and the laser light intensity. In solitary lasers, the
mechanism of their buildup is the relaxation oscillation.
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