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Direct current modulation of high power semiconductor lasers

by high-frequency limit-cycle oscillations in gallium arsenide avalanche

diodes
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High-frequency limit-cycle oscillations generated by reversely biased high-voltage diode operated in simplistic

electrical circuit are applied for the direct current modulation of power semiconductor laser. Oscillation frequency

is 2−2.4GHz. The avalanche diode is connected by means of a strip line in-series with heterolaser equipped by

tunnel-connected emitters and 50� load. It has been observed that oscillations of the laser current and oscillations

of the photodetector signal have the same frequency. The peak power of optical signal Pm at the maximum laser

current ∼ 2.0A was Pm ∼ 5.5W for the half-width duration of the optical pulse ∼ 180 ps.
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The formation of short high power laser pulses with

a high repetition frequency is a pressing scientific and

technical challenge [1–16]. Direct current modulation of

lasers [2] with nano- or subnanosecond current pulses is

one potential solution to this problem. Unlike phase locking

and Q-modulation methods [3–7], direct current modulation

with short pulses [8–12] allows one to use commercially

available lasers instead of specially designed laser structures.

However, this method imposes strict requirements on a

semiconductor driver that generates short current pulses

with a high repetition frequency [10–12]. In the present

study, we demonstrate experimentally the feasibility of

direct high-frequency modulation of laser radiation using

a new physical phenomenon in avalanche diodes: high-

frequency limit-cycle oscillations of current in the gigahertz

frequency range [17]. Deeply modulated laser radiation at

2.4GHz frequency achieved in experiments with a commer-

cially available laser and avalanche diode operating in the

mentioned above regime used as a driver. The FWHM of a

single pulse was tFWHM = 180 ps, and the duration of a train

of periodic pulses of quasi-harmonic shape with repetition

frequency f PRF = 2.4GHz varied from 20 to 200 ns.

Limit-cycle oscillations of current in the diode used as

a high-frequency driver emerge spontaneously due to a

soft oscillatory instability of the steady state on the reverse

”
avalanche“ branch of the current–voltage curve (CVC) and
correspond to the nonlinear avalanche-transit regime [17].

Limit-cycle oscillations in high-power silicon diodes have a

similar physical mechanism [18]. Unlike the case of classical

Impact Avalanche Transit Time (IMPATT) diodes [19],
limit-cycle oscillations [17,18] proceed in a simplistic elec-

trical circuit without a resonator, which includes only the

diode and an in-series ohmic load.

GaAs p+
−p−i−n−n+ diodes with an oscillation fre-

quency of 2−2.4GHz, diameter d = 500µm, and break-

down voltage Ub ≈ 380V were used in experiments. They

have been described in detail in recent paper [20] and

fabricated by Rozhkov et al. in the early 2000s [21]. The

diode was connected in series with a commercially avail-

able SPLPL90 3 laser with three tunnel-coupled emitters

(emission maximum at a wavelength of 905 nm; aperture,

200× 10 µm) and a 50� load using a coplanar microwave

strip line (Fig. 1). A quasi-rectangular reverse-polarity

pulse with amplitude U1, duration of 20–200 ns, repetition
frequency of 1−10 kHz and constant reverse bias U2 was

applied to the input of the line. The experimental setup

allowed us to vary the values of U1 and U2. According

to [17], condition U1 + U2 > Ub must be satisfied in order

to observe self-excitation of oscillations in the diode. With

two different trigger generators, the leading-edge time of

the pulse U1 was 200 ps or 10 ns. Impedance matching of

the 50� coaxial strip line, which includes the high-voltage

GaAs diode and the laser, and the measuring channel

suppresses the reflection of a laser pulse though some

reduction of the modulated current amplitude.

A GaAs photodiode fabricated by liquid-phase epitaxy

(diameter, 150 µm; photosensitive area ∼ 5 · 10−5 cm2) was

used as a laser radiation detector. Detection was performed

under reverse bias U3 = 60V. A focusing lens system was

mounted between the laser and the photodiode. Load volt-

age UR(t) in the laser supply circuit (channel 1) and voltage

Uph(t) in the detecting photodiode circuit (channel 2) were

recorded by Tektronix DPO 70404C digital dual-channel

oscilloscope with frequency band of 4GHz (Fig. 1). A set

of broadband attenuators was used to measure voltage UR(t)
(channel 1). The oscilloscope records in channels 1 and
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Figure 1. Sketch of the experimental setup. 1 — Pulse voltage generator, 2 — high-voltage GaAs avalanche diode, 3 — SPLPL90 3

laser diode, and 4 — photodiode based on an epitaxial GaAs p−i−n structure.
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Figure 2. Experimental CVC with
”
phase trajectories“ (I, UD) (1−3) (a) and time dependence I(t) (b) for a

”
soft“ transition to

high-frequency oscillations under a slow (within 10 ns) rise of GaAs diode voltage U1. In the experiment, the amplitude of pulses U1 and

voltage U2 (in V) for the phase trajectories indicated in panel a were as follows: 1 — 320, 165; 2 — 320, 175; 3 — 320, 225. The inset

in panel b presents a detailed view of oscillations. A color version of the figure is provided in the online version of the paper.

2 determined the time dependence of current through the

laser I(t) = UR(t)/R and the photodiode i(t) = 1Uph(t)/R.

Figure 2 presents the results of experimental measure-

ments of high-frequency current oscillations I(t) (channel 1)
and their dependence on the amplitude of applied pulse U1

and initial bias U2. These oscillations are shown in Fig. 2, a

on the diode current−voltage plane (I , UD) together with

the reverse CVC of the diode. When the avalanche current

is below 1A, steady states on the reverse CVC branch are

stable (blue dots in Fig. 2, a). When the current exceeds this

value, limit-cycle oscillations emerge spontaneously. Red

segments (curves 1−3 in Fig. 2, a), the slope of which is set

by the load curve, correspond to limit-cycle oscillations on

the plane (I , UD). Limit-cycle oscillations arise as a result

of
”
soft“ instability of the steady state. The instability is

illustrated in Fig. 2, b through the example of oscillations

corresponding to phase trajectory 3 (Fig. 2, a). This

trajectory emergies from an unstable steady state with a

current of 2.5A, which corresponds to the intersection of the

unstable part of the reverse CVC branch and the load curve.

For brevity, we call this state the
”
working point.“ Working

points with operating currents of 1.5 and 2A correspond to

trajectories 1 and 2 in Fig. 2, a, respectively. The current

through the diode and the laser was set by the amplitude of

trigger pulse U1 and initial reverse bias U2 of the diode. It

follows from Fig. 2, a that the amplitude of oscillations and,
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Figure 3. Oscilloscope records of the laser modulation current (a) and the photoresponse of the GaAs p−i−n photodiode (b) for a

quasi-stationary current of 2.0 A. Amplitude and watt–ampere calibration (1) and output high-frequency (2) dependences for the current

modulation regime of the TO-packaged SPLPL90 3 laser (c). The inset in panel b presents a detailed view of photoresponse oscillations.

accordingly, the depth of laser current modulation increase

with increasing reverse voltage. When voltages U1 and U2

increased further, irreversible degradation of the diode was

observed in several cases.

Figures 3, a, b show the oscilloscope records of laser

modulation current I(t) and response Uph(t) = Ri(t) of

the detecting photodiode for a pulse duration of 20 ns.

Deep high-frequency modulation of laser radiation was

achieved. Measurements were carried out within the range

of U1 and U2 values corresponding to the variation of

stationary (unstable) avalanche current through the laser

from 1 to 2.5 A. Modulation frequency f PRF and FWHM

signal duration tFWHM in these regimes were 2.4GHz and

180 ps, respectively. Note that the minimum signal duration

tFWHM specified by the manufacturer of the used SPLPL90 3

laser is 1 ns.

With the positions of the laser, focusing lenses, and

the photodetector fixed, amplitude and watt–ampere de-

pendences were determined for the pulsed (calibration
dependence 1) and periodic (output high-frequency depen-

dence 2) current pumping regimes (Fig. 3, c). The relative

values of photoresponse signals and the rated watt–ampere

characteristic of the SPLPL90 3 laser were used to estimate

the absolute values of pulse power. Peak optical signal

power P peak was ∼ 5.5W at a laser current of ∼ 2.0A. The

radiation power increased noticeably under high-frequency

current pumping. This phenomenon may be associated

with the well-known resonant increase in intensity of laser

radiation at a current pumping frequency close to the

frequency of relaxation oscillations in the laser [22].
To conclude, let us discuss the obtained results in the

overall context of research on the formation of short laser

pulses with a high repetition frequency for communication

systems, lidars, and radio photonics [2–16]. Physical

methods for generation of short pulses include mode

locking, Q-modulation [3–7], and direct current modulation

with short (nanosecond) current pulses (often in the

gain-switching regime) [8–12]. The first two methods

provide an opportunity to obtain record-short pulses (down

to tFWHM ∼ 1 ps) with high repetition frequency f PRF

(up to 100GHz) in specially designed laser structures.

However, the energy of such pulses is relatively low

(E 6 0.1 nJ) [3–7]. The key role in direct current modula-

tion is played by the pulse semiconductor driver [8–12].

Silicon bipolar transistors [8,10], GaN HEMTs (high-
electron-mobility transistors) [11], and GaAs S-diodes [12]
were investigated as drivers. GaAs/AlGaAs thyristor

lasers [13–15], which combine a driver and an optical

emitter in a single crystal, were also developed. The

main parameters of pulses taken from studies into direct

current modulation [10–15] are listed in the table. The

table also presents the results reported in [16], where direct

current modulation with a short pulse and Q-modulation

were combined. The efficiency is estimated using parameter

Me f f ≡ f PRFP peaktFWHM, which characterizes the average

power of the modulated optical signal. It can be seen from

the table that pulse energy E ∼ 10−100 nJ was obtained

at a pulse duration of 0.1−2 ns [10–16]. This power is

sufficient for use in lidars [16], and shorter pulse durations

tFWHM are actually not required in practice, since the

speed performance of p−i−n-diodes (radiation detectors)
is limited. The repetition frequency is limited at the level

of ∼ 100 kHz for all listed drivers [8,10,12–16] except

GaN HEMTs [9,11], which reach a repetition frequency

of 100MHz. It is for GaN HEMTs that the highest

value of modulation efficiency parameter Me f f ∼ 1W was

achieved. Increasing the repetition frequency is a substantial

challenge for all known types of direct current modulation

drivers [8,10,16] and thyristor lasers [13–15]. All methods

are characterized by a high pulse period-to-duration ratio:

tFWHM ≪ ( f PRF)
−1.
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Comparison of the main parameters of laser pulses corresponding to different semiconductor drivers used for direct current modulation

Pulse generator type
P peak , tFWHM,

f PRF, GHz E, nJ Me f f ,W
W ns

Si bipolar transistors [10] 43−180 0.8−1.9 (1−2) · 10−4 82−144 (0.8−3) · 10−2

GaN HEMTs [11] 30 0.5 0.1 15 ∼ 1

GaAs S-diode [12] 60 1.5 10−4 90 9 · 10−3

GaAs/AlGaAs thyristor laser [13] 6 0.95 1.3 · 10−4 5.7 7.4 · 10−4

GaAs/AlGaAs thyristor laser [14] 22 0.11 10−4 2.42 2.4 · 10−4

GaAs/AlGaAs thyristor laser [15] 39.5 0.12 10−4 4.74 1.1 · 10−3

”
Gain-switching“ laser with

35 0.08 10−4 2.8 3.2 · 10−3

saturable absorber [16]
GaAs avalanche diode (present study) 5.5∗ 0.18∗ 2.4∗ ∼ 1 2.4∗

∗For a train of quasi-harmonic pulses with a duration 6 200 ns.

In contrast, high-frequency modulation implemented here

corresponds to the limit case of a low pulse period-to-

duration ratio: tFWHM ≈ ( f PRF)
−1. Peak pulse power

P peak = 5.5W and pulse energy E = 1 nJ are somewhat

lower, but comparable to the results reported in [8–16].
Pulse FWHM tFWHM ≈ 0.18 ns falls within the same sub-

nanosecond range, but pulse repetition frequency f PRF

is several orders of magnitude higher. Owing to this,

the modulation efficiency parameter reaches the level of

Me f f = 2.4W. However, it is not entirely correct to com-

pare directly the periodic optical signal of a quasi-harmonic

shape produced here (Fig. 3) with pulsed periodic signals

with a high period-to-duration ratio obtained in [10–16] with

the use of pulsed rather than frequency drivers.

Combined with a detector tuned to a gigahertz
”
carrier“

frequency, nanosecond trains of quasi-harmonic pulses

obtained by the method proposed above may be used for

laser ranging and detection and to implement amplitude,

phase, and frequency modulation in combined radio-over-

fiber communication lines. The uniformity of limit-cycle

oscillations over the diode cross-section [17] potentially

allows one to reduce the series load and expand the range

of current modulation by increasing the diode area. It is also

possible to use higher-frequency avalanche diodes [17]. Note
also that, just like S-diodes [12], a diode operating in the

regime of self-excitation of avalanche limit-cycle oscillations

allows for low-inductive assembly with a semiconductor

laser, potentially removing the need for a strip line in

practical applications.

Thus, the feasibility of current modulation of a semicon-

ductor laser at a frequency of 2.4GHz by an avalanche GaAs

diode, which operates in the regime of self-excitation of

limit-cycle oscillations, in a simplistic circuit with a series

connection of the laser and the diode was demonstrated.

The obtained results are of potential interest for radio

photonics.
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