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1
METHOD OF DRIVING LASER DIODE
DEVICE AND LASER DIODE EQUIPMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of driving a laser
diode device and a laser diode equipment.

2. Description of the Related Art

In these years, in the advanced scientific region researches
using laser light with the pulse time on the attosecond time
scale or on the femtosecond time scale, ultrashort pulse and
ultrahigh power laser is actively used. As the ultrashort pulse
and ultrahigh power laser, for example, titanium/sapphire
laser is known. Such a titanium/sapphire laser is an expensive
and large solid laser light source, which is a main factor to
inhibit spread of the technology. If the ultrashort pulse and
ultrahigh power laser is realized with the use of a laser diode
device, substantial miniaturization, price reduction, and high
stability are able to be realized.

Meanwhile, short pulsation of the laser diode device has
been actively researched since 1960s in the communication
system field. As a method of generating short pulses in the
laser diode device, gain switching method, loss switching
method (Q switching method), and mode locking method are
known. In these methods, high output is pursued by combin-
ing the laser diode device with a diode amplifier, a nonlinear
optical device, an optical fiber and the like.

SUMMARY OF THE INVENTION

Of the foregoing methods, in the gain switching method as
the simplest method, by driving the laser diode device by a
short pulse current, a light pulse having a pulse width of about
from 20 picosecond to 100 picosecond both inclusive is able
to be generated (for example, refer to J. Ohya et al., Appl.
Phys. Lett. 56 (1990) 56. as Nonpatent document 1, J. AuY-
eung et al., Appl. Phys. Lett. 38 (1981) 308. as Nonpatent
document 2, N. Yamada et al., Appl. Phys. Lett. 63 (1993)
583. as Nonpatent document 3, J. E. Ripper et al., Appl. Phys.
Lett. 12 (1968) 365. as Nonpatent document 4, and “Ultrafast
diode lasers,” P. Vasil’ev, Artech House inc., 1995 as Non-
patent document 5). In the gain switching method, since a
commercially available laser diode device is just driven by a
short pulse current, a picosecond class short pulse light source
is able to be realized by a significantly simple equipment
structure. However, the peak output of the light pulse is about
from 0.1 watt to 1 watt both inclusive in a 850 nm band
AlGaAs laser diode device, and is about from 10 milliwatt to
100 milliwatt both inclusive in a 1.5 nm band InGaAsP laser
diode device. Thus, as a light source necessary for a high peak
output used for, for example, two-photon absorption, the light
output is not sufficient. Therefore, in order to increase the
peak output, for example, a complicated and difficult struc-
ture in which, for example, mode locking method is combined
with a diode amplifier or an optical fiber amplifier is neces-
sitated.

Examples of methods of increasing light peak power in the
gain switching method include a method of increasing inten-
sity of an electric short pulse for excitation. However, in such
a method, there is a disadvantage that not only intensity of
main light peak but also intensity of the second light peak, the
third light peak and the like as a surplus component is also
increased.

Further, regarding an example that a high output is pursued
based on “all semiconductor” as an essential requirement for
realizing ultimate miniaturization, that is, regarding a laser
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2

diode equipment that does not need complicated mechanical
parts or optical parts but is composed of only a laser diode
device or a combination of a laser diode device and a semi-
conductor device, almost no report exists particularly in a 405
nm band laser diode device composed of GaN compound
semiconductor. However, if “all semiconductor” pulse laser
having a high peak output is able to be realized in 405 nm
band, such a pulse laser is able to be used as a light source of
a stacked volumetric optical disc system expected as a next
generation optical disc system after the Blu-ray optical disc
system. In addition, a simple and convenient ultrashort pulse
and ultrahigh power light source covering all wavelength
bands in the visible light range is able to be realized, and a
light source requested in the medical field, the bio imaging
field and the like is able to be provided.

Accordingly, in the invention, it is desirable to provide a
method of driving an ultrashort pulse and ultrahigh power
laser diode device having a simple composition and a simple
structure and a laser diode equipment mounting such a laser
diode device.

According to a first aspect of the invention to attain the
foregoing object, there is provided a method of driving a laser
diode device, wherein light is injected from a light injection
means into a laser diode device driven by a pulse current
having a value 10 or more times as large as a value of a
threshold current, preferably 20 or more times as large as the
value of the threshold current, and more preferably 50 or more
times as large as the value of the threshold current.

Where a value of a threshold current I, represents a current
flown to the laser diode device when laser oscillation is
started, a value of a threshold voltage V,, described next
represents a voltage applied to the laser diode device at that
time, and an internal resistance of the laser diode device is R
(Q), the following relation exists:

Va=R*L,+V,

In this case, V, represents a built-in potential of p-n junction.

According to a second aspect of the invention to attain the
foregoing object, there is provided a method of driving a laser
diode device, wherein light is injected from a light injection
means into a laser diode device driven by a pulse voltage
having a value twice or more as large as a value of a threshold
voltage, preferably 4 or more times as large as the value of the
threshold voltage, and more preferably 10 or more times as
large as the value of the threshold voltage.

According to the first aspect of the invention to attain the
foregoing object, there is provided a laser diode equipment
including A: a laser diode device driven by a pulse current
having a value 10 or more times as large as a value of a
threshold current, preferably 20 or more times as large as the
value of the threshold current, and more preferably 50 or more
times as large as the value of the threshold current; and B: a
light injection means for injecting light into the laser diode
device.

According to the second aspect of the invention to attain the
foregoing object, there is provided a laser diode equipment
including A: a laser diode device driven by a pulse voltage
having a value twice or more as large as a value of a threshold
voltage, preferably 4 or more times as large as the value of the
threshold voltage, and more preferably 10 or more times as
large as the value of the threshold voltage; and B: a light
injection means for injecting light into the laser diode device.

According to a third aspect of the invention to attain the
foregoing object, there is provided a laser diode equipment
including A: a laser diode device that outputs a first light peak
in which a light intensity is 3 watt or more, preferably 5 watt
or more, and more preferably 10 watt or more, and a half
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bandwidth is 20 picosecond or less, preferably 15 picosecond
or less, and more preferably 10 picosecond or less, and out-
puts a second light peak in which energy is 1 nano Joule or
more, preferably 2 nano Joule or more, and more preferably 5
nano Joule or more, and duration time is 1 nanosecond or
more, preferably 2 nanosecond or more, and more preferably
5 nanosecond or more following the first light peak; and B: a
light injection means for injecting light into the laser diode.

In the laser diode equipment according to the third aspect
of'the invention (hereinafter referred to as “third aspect of the
invention” in some cases), The lower limit value of the half
bandwidth of the first light peak depends on characteristics
and specifications of the laser diode device, specifications of
a pulse generator and the like. The upper limit value of the
duration time of the second light peak is restricted by an
average output in relation to repetition frequency. For
example, in the case where the repetition frequency is 100
MHz, 10 nanosecond (duty ratio: 10%) is able to be exempli-
fied.

In the method of driving a laser diode device according to
the first aspect or the second aspect of the invention, light is
injected from the light injection means into the laser diode
device driven under the specific conditions (that is, a laser
diode device performing strong excitation gain switching
operation). Further, the laser diode equipments according to
the first to the third aspects of the invention are composed of
the laser diode device driven under the specific conditions
(that is, a laser diode device performing strong excitation gain
switching operation) and the light injection means for inject-
ing light into the laser diode device. As described above, by
injecting light from the light injection means into the laser
diode device, that is, by injecting light from the external light
injection means into the laser diode device performing gain
switching operation, oscillation wavelength of the laser diode
device is drawn into the oscillation wavelength of injected
light, and peak power of the laser light outputted from the
laser diode device is able to be intensified. Accordingly, a
laser light source having kilowatt level peak light intensity is
able to be obtained without pursuing high development of
electric drive electronics. Further, for example, a light peak
output necessary for a stacked volumetric optical disc system
is able to be sufficiently satisfied, and it is significantly useful
as a light source of the next generation stacked volumetric
optical disc system.

In the first aspect of the invention, the laser diode device is
driven by the pulse current having a value 10 or more times as
large as the value of the threshold current I,. In the second
aspect of the invention, the laser diode device is driven by the
pulse voltage having a value twice or more times as large as
the value of the threshold voltage V,,,. In result, an ultrashort
pulse and ultrahigh power laser diode equipment that outputs
laser light having a pointed peak in which the light intensity is
3 watt or more, and the half bandwidth is 20 picosecond or
less is able to be provided. Further, in the third aspect of the
invention, an ultrashort pulse and ultrahigh power laser diode
equipment that outputs laser light having a pointed peak in
which the light intensity is 3 watt or more, and the half
bandwidth is 20 picosecond or less as the first light peak, and
outputs the second light peak in which energy is 1 nano Joule
or more, and the duration time is 1 nanosecond or more as a
broad peak having high energy following the first light peak is
able to be provided. That is, a light pulse having a high peak
power and having high energy per 1 light pulse is able to be
generated. Accordingly, with the use of simple combination
of' a commercially available high output laser diode device
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and electric drive electronics, a laser diode device light source
having peak light intensity of watt level or more is easily able
to be obtained.

Furthermore, in the case where light intensity of injected
light by the light injection means is changed, ultrashort and
high output pulse laser light outputted from the laser diode
equipment is able to be modified, and increase amount of
peak power of the pulse laser light is able to be changed.

Other and further objects, features and advantages of the
invention will appear more fully from the following descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are circuit diagrams of a laser diode
equipment of a first embodiment.

FIG. 2 is a circuit diagram of a laser diode equipment of a
second embodiment.

FIGS. 3A and 3B are diagrams schematically illustrating a
rectangular pulse voltage applied to a laser diode device.

FIG. 4 is a schematic cross sectional view of a laser diode
device of the first embodiment.

FIGS. 5A and 5B are graphs illustrating time change of a
light waveform measured by a photodetector and a sampling
oscilloscope in the first embodiment. FIG. 5A is a graph
obtained in a state that light injection is made, and FIG. 5B is
a graph obtained in a state that light injection is not made.
FIGS. 5A and 5B are graphs illustrating time change of a light
waveform in all spectrum components.

FIGS. 6A and 6B are graphs illustrating measurement
results of light spectrum in the first embodiment. FIG. 6 A is a
graph obtained in a state that light injection is made, and FIG.
6B is a graph obtained in a state that light injection is not
made. FIGS. 6 A and 6B are graphs illustrating all light spec-
trum.

FIGS. 7A and 7B are graphs illustrating time change of a
light waveform measured by a photodetector and a sampling
oscilloscope in the first embodiment. FIG. 7A is a graph
obtained in a state that light injection is made, and FIG. 7B is
a graph obtained in a state that light injection is not made.
FIGS. 7A and 7B are graphs illustrating time change of a light
waveform in the spectrum component obtained by extracting
a wavelength component in the vicinity of the wavelength A,
of light from a light injection means by using a band pass
filter.

FIGS. 8A and 8B are graphs illustrating measurement
results of light spectrum in the first embodiment. FIG. 8A is a
graph obtained in a state that light injection is made, and FIG.
8B is a graph obtained in a state that light injection is not
made. FIGS. 8A and 8B are graphs illustrating light spectrum
obtained by extracting a wavelength component in the vicin-
ity of the wavelength A, of light from the light injection means
by using the band pass filter.

FIGS. 9A and 9B are graphs illustrating time change of a
light waveform measured by a photodetector and a sampling
oscilloscope in the first embodiment. FIG. 9A is a graph
obtained in a state that light injection is made, and FIG. 9B is
a graph obtained in a state that light injection is not made.
FIGS. 9A and 9B are graphs illustrating time change of a light
waveform in the spectrum component obtained by extracting
a wavelength component in the vicinity of the wavelength A,
(wavelength of the first light peak outputted from the laser
diode device in a state that light is not injected from the light
injection means) by using a band pass filter.

FIGS. 10A and 10B are graphs illustrating measurement
results of light spectrum in the first embodiment. FIG. 10A is
a graph obtained in a state that light injection is made, and
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FIG. 10B is a graph obtained in a state that light injection is
not made. FIGS. 10A and 10B are graphs illustrating light
spectrum obtained by extracting a wavelength component in
the vicinity of'the wavelength A, by using the band pass filter.

FIG. 11 is a conceptual diagram for explaining a relation
between oscillation wavelength of injected light and light
time waveform/light spectrum change.

FIGS. 12A and 12B are graphs illustrating time change of
alight waveform measured by a photodetector and a sampling
oscilloscope in the second embodiment. FIG. 12A is a graph
obtained in a state that light injection is made, and FIG. 12B
is a graph obtained in a state that light injection is not made.
FIGS. 12A and 12B are graphs illustrating time change of a
light waveform in all spectrum components.

FIGS. 13A and 13B are graphs illustrating measurement
results of light spectrum in the second embodiment. FIG. 13A
is a graph obtained in a state that light injection is made, and
FIG. 13B is a graph obtained in a state that light injection is
not made. FIGS. 13 A and 13B are graphs illustrating all light
spectrum.

FIG. 14 is a graph illustrating a result of obtaining internal
loss and internal quantum efficiency by forming a laser diode
device in which a distance d from an active layer to a p-type
AlGaN electron barrier layer is changed in the laser diode
device of the first embodiment.

FIGS. 15A to 15D are diagrams illustrating waveforms of
laser light outputted from the laser diode device of the first
embodiment.

FIG. 16A is a diagram illustrating a typical example illus-
trating a light waveform measured by a photodetector and a
sampling oscilloscope and a shown first light peak (GP) in the
laser diode device of the first embodiment, and FIG. B is a
diagram illustrating a result of measuring a half bandwidth of
the first light peak (GP) by a streak camera.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

While the invention will be hereinafter described based on
embodiments with reference to the drawings, the invention is
not limited to the embodiments, and various numerical values
and materials in the embodiments are exemplification. The
description will be given in the following order:

1. Method of driving a laser diode device according to a first
aspect and a second aspect of the invention, a laser diode
equipment according to the first aspect to a third aspect of the
invention, and overall description

2. First embodiment (the method of driving a laser diode
device according to the first aspect and the second aspect of
the invention and the laser diode equipment according to the
first aspect to the third aspect of the invention)

3. Second embodiment (modification of the first embodiment
and others)

The method of driving a laser diode device according to the
first aspect and the second aspect of the invention, the laser
diode equipment according to the first aspect to the third
aspect of the invention, and overall description

In the method of driving a laser diode device according to
the first aspect of the invention or the laser diode equipment
according to the first aspect of the invention (hereinafter
generically referred to as “first aspect of the invention™ in
some cases), the width of a pulse current may be 10 nanosec-
ond or less, and preferably 2 nanosecond or less. Further, in
the first aspect of the invention including such a preferred
form, the value of the pulse current may be 0.4 ampere or
more, and preferably 0.8 ampere or more. Otherwise, in the
case where the value of the pulse current is converted to a
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value per 1 cm? of an active layer (per 1 cm? of a joint region
area), that is, in the case where the value of the pulse current
is converted to a current density (operation current density,
unit: ampere/cm?), the value may be 3.5%10* ampere/cm? or
more, and preferably 7#10* ampere/cm? or more. The lower
limit value of the width of the pulse current depends on
specifications and the like of a pulse generator. The upper
limit of the value of the pulse current may be determined
based on specifications of a laser diode device to be used.

In the method of driving a laser diode device according to
the second aspect of the invention or the laser diode equip-
ment according to the second aspect of the invention (here-
inafter generically referred to as “second aspect of the inven-
tion” in some cases), the width of a pulse voltage may be 10
nanosecond or less, and preferably 2 nanosecond or less.
Further, in the second aspect of the invention including such
a preferred form, the value of the pulse voltage may be 8 volt
or more, and preferably 16 volt or more if measurement is
made in 50Q system. The lower limit value of the width ofthe
pulse voltage depends on specifications and the like of a pulse
generator. The upper limit of the value of the pulse voltage
may be determined based on specifications of a laser diode
device to be used.

In the first aspect of the invention or the second aspect of
the invention including the various preferred forms described
above, where in a state that light is not injected from a light
injection means, a wavelength of main light outputted from
the laser diode device (peak wavelength of oscillation wave-
length in a total time waveform) is A5, and a wavelength of
light from the light injection means is A, the following for-
mulas are effected:

0.98=h,/A3=1.02, or preferably 0.99=\,/A;=1.01

Further, in the first aspect of the invention or the second
aspect of the invention including the various preferred forms
and compositions described above, the light injection means
may be composed of a laser equipment, or the light injection
means may be composed of an external resonator, specifi-
cally, for example, may be composed of an external mirror
that reflects laser light outputted from the laser diode device
to the laser diode device (returns laser light outputted from the
laser diode device back to the laser diode device). In the
former case, the laser equipment may be a continuous oscil-
lation type laser equipment. In this case, the laser diode
device may be driven under the foregoing conditions in a state
that light is injected into the laser diode device by the laser
equipment (that is, in a state that light is irradiated). Other-
wise, in the former case, the laser equipment may be a pulse
oscillation type laser equipment. In this case, the laser diode
device may be driven under the foregoing conditions in a state
that light is injected into the laser diode device by the laser
equipment, or immediately after light injection (for example,
within subnanosecond after light injection). Further, in the
latter case, where a beat frequency of the external resonator
(for example, the external mirror) is f,, and a repetition fre-
quency of a pulse voltage or a pulse current applied to the
laser diode device is 1}, the following formulas are effected:

0.99=f,/f1 =1.01, or preferably 0.995=£/f; =1.005

The beat frequency 1, is a beat at which light reciprocates in
the external resonator, and is obtained by formula f,=2L/c
where a resonator length is L. and light velocity is c.

In the first aspect of the invention, the second aspect of the
invention, or the third aspect of the invention including the
various preferred forms described above (hereinafter generi-
cally and simply referred to as “the invention” in some cases),
the laser diode device may be a laser diode device having a
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ridge stripe type separate confinement heterostructure (SCH
structure). A ridge section is able to be formed by removing
part of a second compound semiconductor layer described
later in the thickness direction by, for example, RIE method.

In the invention including the foregoing preferred forms,
the laser diode device may include a laminated structure
composed of a first compound semiconductor layer, the active
layer having a quantum well structure, and the second com-
pound semiconductor layer; a first electrode electrically con-
nected to the first compound semiconductor layer; and a
second electrode electrically connected to the second com-
pound semiconductor layer. The laminated structure may be
composed of AlGalnN compound semiconductor. That is, the
laminated structure may be a GaN laser diode device.

Specific examples of AlGalnN compound semiconductor
include GaN, AlGaN, GalnN, and AlGalnN. Further, such a
compound semiconductor may include boron (B) atom, thal-
lium (T1) atom, arsenic (As) atom, phosphorus (P) atom, or
antimony (Sb) atom according to needs. Further, the active
layer having the quantum well structure has a structure in
which at least one well layer and at least one barrier layer are
layered. As a combination of compound semiconductor com-
posing the well layer and compound semiconductor compos-
ing the barrier layer, (In,Ga,_,N, GaN), (In,Ga, N, In,Ga
a-»N) (y>7), and (InGag, ,N, AlGaN) are able to be
exemplified. In some cases, AlGalnN compound semicon-
ductor composing the laminated structure of the laser diode
device is hereinafter referred to as “GaN compound semicon-
ductor.” In some cases, the AlGalnN compound semiconduc-
tor layer is hereinafter referred to as “GaN compound semi-
conductor layer.”

Further, in the foregoing preferred composition, the second
compound semiconductor layer may have a superlattice
structure in which a p-type GaN layer and a p-type AlGaN
layer are alternately layered. The thickness of the superlattice
structure may be 0.7 um or less. By adopting such a superlat-
tice structure, while a high refractive index necessary as a
cladding layer is maintained, a series resistance component of
the laser diode device is able to be decreased, leading to
realizing a low operation voltage of the laser diode device.
The lower limit value of the thickness of the superlattice
structure is not limited, but the lower limit value is, for
example, 0.3 um. As the thickness of the p-type GaN layer
composing the superlattice structure, a thickness from 1 nmto
5 nm both inclusive is able to be exemplified. As the thickness
of the p-type AlGaN layer composing the superlattice struc-
ture, a thickness from 1 nm to 5 nm both inclusive is able to be
exemplified. As the total number of layers of the p-type GaN
layer and the p-type AlGaN layer, the number from 60 to 300
both inclusive is able to be exemplified. Further, the second
electrode may be provided on the second compound semi-
conductor layer. The distance from the active layer to the
second electrode may be 1 pm or less, and preferably 0.6 um
or less. By defining the distance from the active layer to the
second electrode, the thickness of the p-type second com-
pound semiconductor layer having high resistance is able to
be decreased, and the operation voltage of the laser diode
device is able to be decreased. Though the lower limit value of
the distance from the active layer to the second electrode is
not limited, and for example, the lower limit value of the
distance from the active layer to the second electrode is 0.3
um. Further, the second compound semiconductor layer may
be doped with Mg at the level of 1#10*° cm™ or more. The
absorption coefficient of the second compound semiconduc-
tor layer to light in 405 nm wavelength from the active layer
may be at least 50 cm™". The atom concentration of Mg comes
from material physicality that the maximum electron hole
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concentration is shown at the value of 2*¥10"° cm™, and a
result of design that the maximum electron hole concentra-
tion, that is, the specific resistance of the second compound
semiconductor layer becomes the minimum. The absorption
coefficient of the second compound semiconductor layer is
defined in view of decreasing resistance of the laser diode
device as much as possible. In result, in general, the absorp-
tion coefficient of light of the active layer becomes 50 cm™'.
However, it is possible that the Mg dope amount is intention-
ally set to the concentration of 2¥10'® cm™ or more in order
to increase the absorption coefficient. In this case, the upper
limit Mg dope amount for obtaining a practical electron hole
concentration is, for example, 8*10'° cm™>. Further, the sec-
ond compound semiconductor layer may have a non-doped
compound semiconductor layer and a p-type compound
semiconductor layer from the active layer side. The distance
from the active layer to the p-type compound semiconductor
layer may be 1.2¥1077 m or less. By defining the distance
from the active layer to the p-type compound semiconductor
layer as above, internal loss is able to be inhibited in a range
in which the internal quantum efficiency is not lowered.
Thereby, the threshold current density at which laser oscilla-
tion is started is able to be decreased. The lower limit value of
the distance from the active layer to the p-type compound
semiconductor layer is not limited, but for example, the lower
limit value is 5*10~® m. Further, the laser diode device may
have a ridge stripe structure. The width of a ridge section in
the ridge stripe structure may be 2 pum or less. On both side
faces of the ridge section, a laminated insulating film com-
posed of SiO,/Si laminated structure may be formed. The
difference between the effective refractive index of the ridge
section and the effective refractive index of the laminated
insulating film may be from 5*107 to 1*10~2 both inclusive.
By using such a laminated insulating film, even in the case of
high output operation exceeding 100 mW, single fundamental
transverse mode is able to be maintained. Though the lower
limit value of the width of the ridge section is not limited, for
example, the lower limit value is 0.8 um. Further, the second
compound semiconductor layer may have a structure in
which a non-doped GalnN layer (p-side light guide layer), a
non-doped AlGaN layer (p-side cladding layer), an Mg doped
AlGaN layer (electron barrier layer), a superlattice structure
(superlattice cladding layer) composed of a GaN layer (Mg
doped)/AlGaN layer, and an Mg doped GaN layer (p-side
contact layer) are layered. Further, a beam radiation half-
value angle 0L in the vertical direction oflaser light outputted
from the end face of the laser diode device may be 25 deg or
less, orpreferably 21 deg or less. Though the lower limit value
of the beam radiation half-value angle 8L is not limited, for
example, the lower limit value is 17 deg. Further, as aresonant
length, from 0.3 mm to 2 mm both inclusive is able to be
exemplified. Further, the bandgap of compound semiconduc-
tor composing the well layer in the active layer is desirably
2.4 eV or more. Further, the wavelength of laser light output-
ted from the active layer is desirably from 360 nm to 500 nm
both inclusive, and preferably from 400 nm to 410 nm both
inclusive. It is needless to say that the foregoing various
compositions are able to be combined as appropriate.

In the invention, various GaN compound semiconductor
layers composing the laser diode device are sequentially
formed over a substrate. Examples of the substrate include a
GaAs substrate, a GaN substrate, an SiC substrate, an alumina
substrate, a ZnS substrate, a ZnO substrate, an MN substrate,
an LiMgO substrate, an LiGaO, substrate, an MgAl,O,, sub-
strate, an InP substrate, an Si substrate, and a laminated body
in which a foundation layer and a buffer layer are formed on
the surface (main face) of the foregoing substrate in addition
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to a sapphire substrate. Further, examples of methods of
forming the various GaN compound semiconductor layers
composing the laser diode device include metal organic
chemical vapor deposition method (MOCVD method and
MOVPE method), molecular beam epitaxy method (MBE
method), and hydride vapor growth method in which halogen
contributes to transfer or reaction and the like.

Examples of organic gallium source gas in MOCVD
method include trimethyl gallium (TMG) gas and triethyl
gallium (TEG) gas. Examples of nitrogen source gas include
ammonia gas and hydrazine gas. In forming the GaN com-
pound semiconductor layer having n-type conductivity type,
for example, silicon (Si) may be added as n-type impurity
(n-type dopant). In forming the GaN compound semiconduc-
tor layer having p-type conductivity type, for example, mag-
nesium (Mg) may be added as p-type impurity (p-type
dopant). Further, in the case where aluminum (Al) or indium
(In) is contained as a component atom of the GaN compound
semiconductor layer, trimethyl aluminum (TMA) gas may be
used as an Al source, and trimethyl indium (TMI) gas may be
used as an In source. Further, monosilane gas (SiH, gas) may
be used as an Si source, and ciclopentadienyl magnesium gas,
methylciclopentadienyl magnesium, or bisciclopnetadienyl
magnesium (Cp,Mg) may be used as an Mg source.
Examples of n-type impurity (n-type dopant) include Ge, Se,
Sn, C, Te, SO, Pd, and Po in addition to Si. Examples of p-type
impurity (p-type dopant) include Zn, Cd, Be, Ca, Ba, C, Hg,
and Sr in addition to Mg.

The second electrode electrically connected to the second
compound semiconductor layer having p-type conductivity
type (or the second electrode formed on the contact layer)
preferably has a single layer structure or a multilayer struc-
ture containing at least one metal selected from the group
consisting of palladium (Pd), platinum (Pt), nickel (Ni), Al
(aluminum), Ti (titanium), gold (Au), and silver (Ag), or a
transparent conducive material such as ITO (Indium Tin
Oxide) may be used therefor. Meanwhile, the first electrode
electrically connected to the first compound semiconductor
layer having n-type conductivity type desirably has a single
layer structure or a multilayer structure containing at least one
metal selected from the group consisting of gold (Au), silver
(Ag), palladium (Pd), Al (aluminum), Ti (titanium), tungsten
(W), Cu (copper), Zn (zinc), tin (Sn) and indium (In), and for
example, Ti/Au, Ti/Al, and Ti/Pt/Au are able to be exempli-
fied. The first electrode and the second electrode are able to be
formed by PVD method such as vacuum evaporation method
and sputtering method. The first electrode is electrically con-
nected to the first compound semiconductor layer. The first
electrode may be formed on the first compound semiconduc-
tor layer, and the first electrode may be connected to the first
compound semiconductor layer with a conductive material
layer or a conducive substrate in between. Similarly, the sec-
ond electrode is electrically connected to the second com-
pound semiconductor layer. The second electrode may be
formed on the second compound semiconductor layer, and
the second electrode may be connected to the second com-
pound semiconductor layer with a conductive material layer
in between.

A pad electrode may be provided on the first electrode and
the second electrode in order to obtain electrical connection
to an external electrode or a circuit. The pad electrode desir-
ably has a single layer structure or a multilayer structure
containing at least one metal selected from the group consist-
ing of Ti (titanium), aluminum (Al), Pt (platinum), Au (gold),
and Ni (nickel). Otherwise, the pad electrode may have a
multilayer structure exemplified as a Ti/Pt/Au multilayer
structure and a Ti/Au multilayer structure.
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The invention is able to be applied to various fields such as
the optical disc system, the communication field, the optical
information field, the photoelectronic integration circuit, the
field applying nonlinear optical phenomenon, the optical
switch, the laser measurement field and various analysis
fields, the ultrafast spectroscopy field, the multiphoton exci-
tation spectroscopy field, the mass analysis field, the
microspectroscopic field using multiphoton absorption,
quantum control of chemical reaction, the nano three-dimen-
sional processing field, various processing fields applying
multiphoton absorption, the medical field, and the bio imag-
ing field.

First Embodiment

The first embodiment relates to the method of driving a
laser diode device and the laser diode equipment according to
the first aspect and the second aspect of the invention, and
further relates to the laser diode equipment according to the
third aspect of the invention.

The laser diode equipment including an ultrashort pulse
and ultrahigh power laser diode device of the first embodi-
ment is composed of; as illustrated in FIG. 1A, a laser diode
device 20 and a light injection means 10 for injecting light
into the laser diode device 20 (in other words, for injecting
carrier into the laser diode device 20). Further, the laser diode
equipment includes a pulse generator 15. The laser diode
device 20 is driven by a drive pulse from the pulse generator
15. Specifically, the laser diode equipment is composed of the
GaN laser diode device 20 in light emitting wavelength band
01405 nm and the high output pulse generator 15 for making
the GaN laser diode device 20 gain-switching operate. The
laser diode equipment includes a direct current constant cur-
rent power source 16. However, as illustrated in FIG. 1B, the
laser diode equipment does not necessarily include the direct
current constant current power source 16. The direct current
constant current power source 16 is a known circuit compo-
nent. As the pulse generator 15, a combination structure of a
low voltage pulse generator and a high output voltage ampli-
fier is able to be used.

A voltage (drive pulse) applied to the laser diode device 20
is, as illustrated in FIG. 3A, a rectangular pulse voltage V, of
a time width t,. Since the direct current constant current
power source 16 is included, the resultant value is obtained by
adding the rectangular pulse voltage V., of the time width t,, to
a direct current voltage V. The direct current voltage V| is
expressed by the following formula, where a current value
supplied from the direct current constant current power
source 16 is I;, an internal resistance of the laser diode device
20 is R, and a built-in potential of p-n junction is V:

Vi =R*[,+V,_Vy=3 Volt

In this case, wiring resistance, contact resistance between a
wiring and the laser diode device 20 and the like are ignored.
In the circuit structure illustrated in FIG. 1B, as illustrated in
FIG. 3B, a voltage applied to the laser diode device 20 is, as
illustrated in FIG. 3B, the rectangular pulse V, of the time
width t,.

The laser diode device 20 is a laser diode device having a
ridge stripe type separate confinement heterostructure (SCH
structure). Specifically, the laser diode device 20 is a GaN
laser diode device composed of an index guide type AlGalnN
that has been developed for the Blu-ray optical disc system,
and has a ridge stripe structure. The specifications thereof are
as follows: optical output of the absolute maximum rating is
85 milliwatt at the time of continuous drive, and 170 milliwatt
at the time of pulse drive (pulse width: 7.5 nanosecond, duty
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ratio: 50%); a standard value of light emitting wavelength is
405 nm; a threshold current value I, (standard value of an
oscillation start current) is 40 milliampere; and standard val-
ues of a radiation angle in parallel with the active layer of laser
light outputted from the end face of the laser diode device 20
(beam radiation half-value angle in the horizontal direction
0//) and a radiation angle perpendicular to the active layer of
laser light outputted from the end face of the laser diode
device 20 (beam radiation half-value angle in the vertical
direction 0.1) are respectively 8 degree and 21 degree. The
laser diode device 20 is a laser diode device having high
output specification with lowered light confinement in the
lamination direction (vertical direction) of the after-men-
tioned compound semiconductor layer. Further, the resonant
length is 0.8 mm.

FIG. 4 illustrates a schematic cross sectional view of the
laser diode device 20. The laser diode device 20 includes a
laminated structure that is provided on (0001) plane of an
n-type GaN substrate 21 and is composed of a first compound
semiconductor layer 30, an active layer 40 having a quantum
well structure, and a second compound semiconductor layer
50, a first electrode 61 electrically connected to the first
compound semiconductor layer 30, and a second electrode 62
electrically connected to the second compound semiconduc-
tor layer 50. The first compound semiconductor layer 30, the
active layer 40, and the second compound semiconductor
layer 50 are composed of GaN compound semiconductor,
specifically AlGalnN compound semiconductor. More spe-
cifically, the laser diode device 20 has a layer structure illus-
trated in the following Table 1. In Table 1, the listed items are
shown in the order from the layer farthest from the n-type
GaN substrate 21 to the layer closest to the n-type GaN
substrate 21. The bandgap of compound semiconductor com-
posing the well layer in the active layer 40 is 3.06 eV.

TABLE 1

Second compound semiconductor layer 50

p-type GaN contact layer (Mg doped) 55

p-type GaN (Mg doped)/AlGaN superlattice cladding layer 54
p-type AlGaN electron barrier layer (Mg doped) 53
non-doped AlGaN cladding layer 52

non-doped GalnN light guide layer 51

Active layer 40

GalnN quantum well active layer

(well layer: Gag g,Ing ogN/barrier layer: Gag ggIng 0oN)
First compound semiconductor layer 30

n-type GaN cladding layer 32

n-type AlGaN cladding layer 31

Further, part of the p-type GaN contact layer 55 and part of
the p-type GaN/AlGaN superlattice cladding layer 54 are
removed by RIE method, and a ridge section 56 having a
width of 1.4 nm is formed. On both sides of the ridge section
56, an laminated insulating film 57 composed of SiO,/Si is
formed. The SiO, layer is the lower layer and the Si layer is
the upper layer. The difference between the effective refrac-
tive index of the ridge section 56 and the effective refractive
index of the laminated insulating film 57 is from 5*107> to
1#1072 both inclusive, and specifically 7*107>. On the p-type
GaN contact layer 55 corresponding to the apex of the ridge
section 56, the second electrode (p-type ohmic electrode) 62
composed of Pd/Pt/ Auis formed. Meanwhile, onthe rear face
of the n-type GaN substrate 21, the first electrode (n-type
ohmic electrode) 61 composed of Ti/Pt/Au is formed.

The thickness of the p-type GaN/AlGaN superlattice clad-
ding layer 54 having a superlattice structure in which a p-type
GaN layer and a p-type AlGaN layer are alternately layered is
0.7 um or less, and specifically 0.4 pm. The thickness of the
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p-type GaN layer composing the superlattice structure is 2.5
nm. The thickness of the p-type AlGaN layer composing the
superlattice structure is 2.5 nm. The total number of layers of
the p-type GaN layer and the p-type AlGaN layer is 160.
Further, the distance from the active layer 40 to the second
electrode 62 is 1 um or less, and specifically 0.5 um. The
height of the ridge section 56 is 0.3 pm. Further, the p-type
AlGaN electron barrier layer 53, the p-type GaN/AlGaN
superlattice cladding layer 54, and the p-type GaN contact
layer 55 composing the second compound semiconductor
layer 50 is doped with Mg at the level of 1¥10'° cm™ or more
(specifically at the level of 2*10'° cm™>). The absorption
coefficient of the second compound semiconductor layer 50
to light in wavelength of 405 nm is at least 50 cm™" and
specifically 65 cm™. The second compound semiconductor
layer 50 has the non-doped compound semiconductor layer
(the non-doped GalnN light guide layer 51 and the non-doped
AlGaN cladding layer 52) and the p-type compound semi-
conductor layer from the active layer side. A distance (d) from
the active layer to the p-type compound semiconductor layer
(specifically, p-type AlGaN electron barrier layer 53) is
1.2*1077 m or less, and specifically 100 nm.

In the laser diode device 20 of the first embodiment, the
p-type AlGaN electron barrier layer 53, the p-type GalN/
AlGaN superlattice cladding layer 54, and the p-type GaN
contact layer 55 as compound semiconductor layers doped
with Mg are not overlapped with a density distribution of light
generated from the active layer 40 and the vicinity thereof as
much as possible. Thereby, internal loss is inhibited in a range
in which the internal quantum efficiency is not lowered.
Thereby, the threshold current density at which laser oscilla-
tion is started is decreased. FIG. 14 illustrates a result obtain-
ing internal loss o, and an internal quantum efficiency m, by
practically forming a laser diode device in which the distance
d from the active layer 40 to the p-type AlGaN electron barrier
layer 53 is changed. FI1G. 14 shows the following. That is, if
the value d is increased, the internal loss c, is lowered. If the
value d reaches or exceeds a certain value, efficiency of hole
injection into the well layer is lowered. In result, recombina-
tion probability of electron hole in the active layer is lowered,
and the internal quantum efficiency m, is decreased. Based on
the foregoing result, the value d is designed as the foregoing
description.

The laser diode device 20 of the first embodiment or the
laser diode device composing the laser diode equipment of
the first embodiment is driven by a pulse current having a
value 10 or more times as large as the threshold current value
1, preferably 20 or more times as large as the threshold
current value I, and more preferably 50 or more times as
large as the threshold current value 1,,. The current value is a
value significantly exceeding a current value (rated current)
necessary for obtaining a rated light output. Otherwise, in the
method of driving a laser diode device of the first embodi-
ment, the laser diode is driven by a pulse voltage having a
value twice or more as large as the threshold voltage value
V. preferably 4 or more times as large as the threshold
voltage value V,;,, and more preferably 10 or more times as
large as the threshold voltage value V,,. Further, the laser
diode device 20 is driven by a voltage increased up to a level
equal to or more than a voltage inducing transverse mode
instability. Further, the laser diode device 20 of the first
embodiment or the laser diode device 20 composing the laser
diode equipment of the first embodiment is driven by a pulse
current having a value 10 or more times as large as the thresh-
old current value 1,,, preferably 20 or more times as large as
the threshold current value I,,, and more preferably 50 or
more times as large as the threshold current value 1,,, and is
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driven by a pulse current significantly exceeding the rated
current. Otherwise, the laser diode device 20 of the first
embodiment or the laser diode device 20 composing the laser
diode equipment of the first embodiment is driven by a pulse
voltage having a value twice or more as large as the threshold
voltage value V,,, preferably 4 or more times as large as the
threshold voltage value V,;,, and more preferably 10 or more
times as large as the threshold voltage value V,,,, and is driven
by a voltage increased up to a level equal to or more than a
voltage inducing transverse mode instability. Otherwise, the
laser diode device 20 of the first embodiment or the laser
diode device 20 composing the laser diode equipment of the
first embodiment outputs a first light peak in which the light
intensity is 3 watt or more, preferably 5 watt or more, and
much more preferably 10 watt or more, and the half band-
width is 20 picosecond or less, preferably 15 picosecond or
less, and more preferably 10 picosecond or less, and outputs
a second light peak in which energy is 1 nano Joule or more,
preferably 2 nano Joule or more, and more preferably 5 nano
Joule or more, and the duration time is 1 nanosecond or more,
preferably 2 nanosecond or more, and more preferably 5
nanosecond or more following the first light peak.

When the pulse voltage illustrated in FIG. 3A was applied,
light waveforms illustrated in FIGS. 15A to 15D from the
laser diode device 20 of the first embodiment were observed
by using a photodetector and a sampling oscilloscope. Speci-
fications of the applied pulse voltage are as illustrated in Table
2. The vertical axis in FIGS. 15A to 15D represents a signal
voltage obtained by the photodetector, and an output signal of
500 millivolt corresponds to light output of 10 watt.

TABLE 2

direct current constant current I;: 0.1 milliampere
pulse width t,;: 2 nanosecond
pulse repetition frequency f: 100 kHz

As illustrated in FIG. 15A, when the pulse voltage V, was
4.6 volt, a single light peak was obtained. Further, as illus-
trated in FIG. 15B, when the pulse voltage V, was 8.1 volt, a
plurality of light pulses resulting from relaxation oscillation
of'the laser diode device were shown. Further, as illustrated in
FIG. 15C, as the pulse voltage V, was increased, when the
pulse voltage V, was 14.3 volt, after a plurality of acute light
pulses with a half bandwidth of 50 picosecond or less were
generated, a wide light pulse with duration time of about 1
nanosecond was overlapped therewith.

Further, when the pulse voltage V, was 16 volt, as illus-
trated in FIG. 15D, an acute single light pulse with a half
bandwidth of 20 picosecond or less having high peak energy
(about 10 watt) (Giant Pulse, referred to as GP, corresponding
to the first light peak) was shown. Following the first light
peak, it was observed that a plurality of light pulses with low
intensity and a wide light peak with duration time of 1 nano-
second or more (second light peak with duration time of about
1.5 nanosecond) were overlapped. The pulse current value at
this time was 0.4 ampere or more, and specifically 1.6
ampere. Otherwise, in the case where the value of the pulse
current is converted to a value per 1 cm” of the active layer (a
value per 1 cm® of a joint region area), that is, in the case
where the value of the pulse current is converted to a current
density (operation current density:unit of ampere/cm?), the
value was 1.4%10° ampere/cm?. The first light peak (GP) is
shown by making the GaN laser diode device gain-switching
operate, which is considered as a specific phenomenon. A
similar experiment was performed for a GaAs high output
laser diode device. However, a light pulse with a high pointed
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value such as the first light peak shown in the laser diode
device 20 of the first embodiment was not observed.

FIG. 16A illustrates a typical example of a light waveform
measured by the photodetector and the sampling oscilloscope
and the shown first light peak (GP). The first light peak (GP)
having high peak light intensity of 15 watt and the second
light peak having energy of 1 nano Jour or more, and specifi-
cally 1.1 nano Jour with duration time of 1 nanosecond or
more, and specifically 1.5 nanosecond following the first light
peak were shown. At this time, the drive conditions were as
illustrated in Table 3. In the case where the half bandwidth of
the first light peak (GP) was measured by a streak camera, the
result was significantly narrow value, 20 picosecond (refer to
FIG. 16B).

TABLE 3

direct current constant current I;: 0.1 milliampere
pulse width t,,: 2 nanosecond

pulse repetition frequency f: 100 kHz

pulse voltage V,: 45 volt

The laser diode device 20 of the first embodiment has
energy storage mechanism resulting from transverse mode
instability. Thereby, the laser diode device 20 executes Q
switching laser operation that generates the first light peak
(GP). In other words, the laser diode device of the first
embodiment is able to be referred to as a gain switching type
laser diode device that internally includes the Q switching
laser function since the laser diode device has the energy
storage mechanism resulting from transverse mode instabil-
ity. Further, due to the Q switching mechanism effectively
and internally included in the laser diode device associated
with increased current pulse, a short light pulse width of 20
picosecond or less and a peak light output of 3 watt or more
(for example, 10 watt or more) that have not been known in
the existing gain switching type laser diode device are able to
be obtained.

As described above, in the first embodiment, the laser
diode device 20 is driven by the pulse current having a value
10 or more times as large as the threshold current value 1, or
the laser diode device 20 is driven by the pulse voltage having
a value twice or more as large as the threshold voltage value
V,,. In result, an ultrashort pulse and ultrahigh power laser
diode device that outputs laser light having a pointed peak in
which the light intensity is 3 watt or more, and the half
bandwidth is 20 picosecond or less is able to be obtained.
Further, in the laser diode device of the first embodiment, a
laser diode device that outputs laser light having a pointed
peak in which the light intensity is 3 watt or more, and the half
bandwidth is 20 picosecond or less as the first light peak (GP),
and outputs the second light peak in which energy is 1 nano
Joule or more, and the duration time is 1 nanosecond or more
as a broad peak having high energy following the first light
peak (GP) is able to be obtained.

In the first embodiment, light is injected from the light
injection means 10 into the laser diode device 20 driven as
above (that is, the laser diode device 20 performing strong
excitation gain switching operation). That is, carrier is
injected from the light injection means 10 into the laser diode
device 20.

The light injection means 10 is composed of a laser equip-
ment, and specifically a continuous oscillation type laser
equipment (more specifically a GaN laser diode device) out-
putting laser light in a wavelength (A,) of 408.9 nm. Laser
light continuously outputted from the light injection means
10 is injected (radiated) into (to) the laser diode device 20
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through a collecting lens 11, an isolator 12, a beam splitter 13,
and a collecting lens 14. Meanwhile, the laser light outputted
from the laser diode device 20 enters the beam splitter 13
through the collecting lens 14, and is outputted in a direction
different from the light injection means 10.

The laser diode device 20 is driven in a state that light is
injected into the laser diode device 20 by the continuous
oscillation type laser equipment. Specifically, the laser diode
device 20 was driven under the conditions in the following
Table 4.

TABLE 4

pulse width t,,: 2 nanosecond
pulse repetition frequency f: 20 MHz
pulse voltage V,: 40 volt

FIGS. 5A, 5B, FIGS. 7A, 7B, and FIGS. 9A, 9B illustrate
time change of a light waveform measured by the photode-
tector and the sampling oscilloscope. FIGS. 6A, 6B, FIGS.
8A, 8B, and FIGS. 10A, 10B illustrate measurement results
of light spectrum. The graphs illustrated in FIG. 5A, FIG. 6A,
FIG. 7A, FIG. 8A, FIG. 9A, and FIG. 10A are obtained in a
state that light injection is made. Meanwhile, the graphs illus-
trated in FIG. 5B, FIG. 6B, FIG. 7B, FIG. 8B, FIG. 9B, and
FIG. 10B are obtained in a state that light injection is not
made.

Further, the graphs illustrated in FIGS. 5A, 5B and FIGS.
6A, 6B are graphs illustrating time change of a light wave-
form in all spectrum components and all light spectrum.
Meanwhile, the graphs illustrated in FIGS. 7A, 7B and FIGS.
8A, 8B are graphs illustrating time change of a light wave-
form in the spectrum component obtained by extracting a
wavelength component in the vicinity of the wavelength A, of
light from the light injection means 10 by using a band pass
filter and light spectrum. Further, the graphs illustrated in
FIGS. 9A, 9B and FIGS. 10A, 10B are graphs illustrating
time change of a light waveform in the spectrum component
obtained by extracting a wavelength component in the vicin-
ity of the wavelength A, (wavelength of the first light peak
outputted from the laser diode device 20 in a state that light is
not injected from the light injection means 10, and the value
is 406.2 nm) by using a band pass filter and light spectrum.

Further, FIG. 11 illustrates a conceptual diagram of a rela-
tion between oscillation wavelength of injected light and light
time waveform/light spectrum change. The main light wave-
length A, is a peak wavelength of light spectrum widen by
gain switching operation (peak wavelength of oscillation
wavelength in total time waveform), and specifically 408.5
nm (refer to the peak wavelength of FIG. 6B).

As evidenced by FIG. 9B, FIG. 10B, FIG. 9A, and FIG.
10A, it is found that the light intensity in the vicinity of the
wavelength A, is more decreased in the state that light is
injected than in the state that light is not injected, and due to
the light injection, the wavelength of the first light peak out-
putted from the laser diode device 20 is changed from A, to
other wavelength. Meanwhile, as evidenced by FI1G. 7B, FIG.
8B, FIG. 7A, and FIG. 8A, it is found that the light intensity
in the vicinity of the wavelength A, is more drastically
increased in the state that light is injected than in the state that
light is not injected, and due to the light injection, the wave-
length of the first light peak outputted from the laser diode
device 20 is changed to A,. That is, it is found that due to the
light injection, the wavelength of the first light peak outputted
from the laser diode device 20 is shifted from A, to A,. Fur-
ther, from the graphs illustrating time change of a light wave-
form in all spectrum components in the state that light is
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injected and the all light spectrum (refer to FIGS. 5A, 5B and
FIGS. 6A, 6B), it is found that due to the light injection,
oscillation in the main light wavelength A is shifted to the
oscillation wavelength (), the main oscillation wavelength
(A5) in the gain switching operation is drawn into the wave-
length component (A,) of injected light, peak power of the
main peak of the laser diode device 20 is largely intensified. In
other words, light intensity of apparent pulse laser light out-
putted from the light injection means 10 is largely intensified.
A, and A, satisfy the following relation:

0.98=2,/A,=1.02

Second Embodiment

The second embodiment is a modified embodiment of the
first embodiment. In the laser diode equipment including an
ultrashort pulse and ultrahigh power laser diode device of the
second embodiment, a light injection means is composed of,
as illustrated in FIG. 2, an external resonator, and specifically
anexternal mirror 17. In the example illustrated in Table 2, the
laser diode equipment includes the direct current constant
current power source 16. However, as illustrated in FIG. 1B,
the laser diode equipment does not necessarily include the
direct current constant current power source 16 as well. Laser
light outputted from the laser diode device 20 is transmitted
through the collecting lens 14. Further, part of the laser light
is transmitted through the beam splitter 13, is reflected by the
external mirror 17, and is returned to the laser diode device 20
through the beam splitter 13 and the collecting lens 14. Fur-
ther, the other part of the laser light outputted from the laser
diode device 20 is transmitted through the collecting lens 14,
and is extracted outside from the beam splitter 13.

FIGS. 12A and 12B illustrate time change of a light wave-
form measured by a photodetector and a sampling oscillo-
scope. FIGS. 13A and 13B illustrate measurement results of
light spectrum. The graphs illustrated in FIG. 12A and FIG.
13A are obtained in a state that light injection is made. Mean-
while, the graphs illustrated in FIG. 12B and FIG. 13B are
obtained in a state that light injection is not made. Further, the
graphs illustrated in FIGS. 12A and 12B and FIGS. 13A and
13B are graphs illustrating time change of a light waveform in
all spectrum components and all light spectrum.

In the second embodiment, relation between the repetition
frequency f; of a short pulse current applied to the laser diode
device 20 and the beat frequency f, of the external resonator
(specifically, the external mirror 17) satisfies the following
formula:

0.99=f,/f;=1.01

f, and 1] are specifically expressed by the following values:

£1=100.0*10° Hz

£=100.7*10° Hz

From the foregoing graphs, it is found that the first light
peak oscillated in the wavelength ., in the laser diode device
20 is shifted to the oscillation wavelength (A,) of injected
light due to light injection, the main oscillation wavelength
(A5) in the gain switching operation is drawn into the wave-
length component (A, ) of injected light, and peak power of the
main peak of the laser diode device 20 is largely intensified.
That is, it is found that due to presence of the external reso-
nator (presence of feed back), the peak power of the main
peak of the laser diode device 20 is intensified.

Descriptions have been hereinbefore given of the invention
with reference to the preferred embodiments. However, the
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invention is not limited to the foregoing embodiments. The
composition and the structure of the laser diode device and
the composition of the laser diode equipment described in the
embodiments are just exemplified, and modifications may be
made as appropriate. Further, in the embodiments, though
various values have been shown, such various values are just
exemplified as well, and thus it is needless to say that, for
example, if specifications of a laser diode device to be used
are changed, values are also changed. In the case where the
oscillation wavelength () of injected light is in the vicinity
of the oscillation wavelength (A,) of the first light peak,
specifically, in the case where value |A,—A, | is within +/-2%,
and preferably within +/-1%, in some cases, light intensity of
the first light peak is effectively intensified without generat-
ing wavelength shift in the first light peak.

The present application contains subject matter related to
that disclosed in Japanese Priority Patent Application JP
2009-047617 filed in the Japan Patent Office on Mar. 2, 2009,
the entire contents of which is hereby incorporated by refer-
ence.

It should be understood by those skilled in the art that
various modifications, combinations, sub-combinations and
alternations may occur depending on design requirements
and other factors insofar as they are within the scope of the
appended claims or the equivalents thereof.

What is claimed is:

1. A method of driving a laser diode device, the method
comprising the steps of:

generating light with a light source;

driving a GaN laser diode with a pulse current have an

amperage that is 10 or more times greater than a turn on
threshold amperage for the GaN laser diode; and
injecting the light into the laser diode.

2. The method of driving a laser diode device according to
claim 1, wherein a width of the pulse current is 10 nanosecond
or less.

3. The method of driving a laser diode device according to
claim 1, wherein the amperage of the pulse current is 0.4
ampere or more.

4. The method of driving a laser diode device according to
claim 1, wherein in a state that light is not injected into the
GaN laser diode, where a wavelength of main light outputted
output from the GaN laser diode is A5, and a wavelength of
light from the light source is A,, the following relationship
exists:

0.98= /A, =1.02.
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5. The method of driving a laser diode device according to
claim 1, wherein the light source comprises a laser.

6. The method of driving a laser diode device according to
claim 1, wherein the light source comprises an external mirror
that reflects laser light output from the GaN laser diode
device.

7. The method of driving a laser diode device according to
claim 6, wherein where a beat frequency of the external
mirror is T}, and a repetition frequency of a pulse voltage or a
pulse current applied to the GaN laser diode is f,, the follow-
ing relationship exists:

0.99=1/f, =1.01.

8. A method of driving a laser diode device, the method
comprising the steps of:

generating light with a light source;

driving a GaN laser diode with a pulse voltage have a

voltage that is 2 or more times greater than a turn on
threshold voltage for the GaN laser diode; and
injecting the light into the laser diode.

9. The method of driving a laser diode device according to
claim 8, wherein a width of the pulse voltage is 10 nanosec-
ond or less.

10. The method of driving a laser diode device according to
claim 8, wherein the voltage of the pulse voltage is 8 volts or
more.

11. The method of driving a laser diode device according to
claim 8, wherein in a state that light is not injected into the
GaN laser diode, where a wavelength of main light output by
the GaN laser diode is A3, and a wavelength of the light from
the light source is A2, the following relationship exists:

0.98=h2/A3=1.02.

12. The method of driving a laser diode device according to
claim 8, wherein the light source is a laser.

13. The method of driving a laser diode device according to
claim 8, wherein the light injection means comprises an exter-
nal mirror that reflects laser light output by the GaN laser
diode.

14. The method of driving a laser diode device according to
claim 13, wherein where a beat frequency of the external
mirror is f1, and a repetition frequency of a pulse voltage or a
pulse current applied to the laser diode device is {2, the
following relationship exists:

0.99=2/1=1.01.



