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Abstract. The current—voltage, power —current, and spectral char-
acteristics of high-power single-mode semiconductor lasers emit-
ting at wavelengths of 1.5-1.6 um are studied experimentally. It is
shown that a laser with a cavity length of 1.6 mm and a mesa-stripe
width of 3 um mounted in a housing 11 mm in diameter may emit a
power higher than 300 mW. Mounting of lasers on C-mounts makes
it possible to achieve powers exceeding 400 mW. In the case of
mounting in standard 14 pin DIL packages, the laser power at the
exit of a single-mode fibre-optic cable (FOC) was no lower than
100 mW, which, taking into account 50 % losses upon radiation
coupling into the FOC, corresponds to the laser diode power higher
than 200 mW. It is shown that the differential resistance of a laser
depends not only on the laser crystal length but also on the type of
mounting (in copper housings 11 mm in diameter or on C-mounts).
The dependences of the laser wavelength and spectral width on the
pump current and ambient temperature are presented. The charac-
teristic temperatures of laser diodes are determined.

Keywords: mesa-stripe structure, high-power laser diode, single-
mode lasing, laser diode characteristics, radiation spectral width.

1. Introduction

At present, interest has increased in high-power laser diodes
(LDs) emitting in the wavelength range of 1.4—1.6 um. First
of all, this is related to their application in fibre-optic com-
munication lines and as pump sources for erbium-doped fibre-
optic amplifiers and Raman fibre amplifiers operating in the
wavelength range of 1.4—1.6 um. These applications require
the following LD parameters: stable output power at a level
of hundreds of milliwatts, stable peak wavelength, and high
radiative efficiency, as well as efficient coupling of the LD
radiation into a single-mode optical fibre. High-power semi-
conductor lasers have found wide application in medicine,
environmental monitoring systems, and systems of industrial
gas detection. It is agreed that radiation within the wave-
length range of 1.5—1.6 um is eye safe.

Leshko et al. [1] reported the development of high-power
single-mode LDs based on InGaAsP/InP quantum-well het-
erostructures (HSs) (A = 1.3—1.6 um). The InGaAsP/InP sep-
arate-confinement heterostructure with a step waveguide, a
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threshold current density of 180 A cm™, and an internal
quantum yield of stimulated emission of 93%-99% was
grown by the MOCVD method. The mesa-stripe structure for
the laser diode based on the developed InGaAsP/InP hetero-
structure was optimised to achieve the maximum single-mode
laser power. The output cw single-mode power of a laser diode
with a mesa-stipe width W= 4.5 um was 185 mW (A = 1480 nm),
while the maximum power reached 300 mW. The external dif-
ferential quantum efficiency of an LD with a cavity length
L=1-1.5mm was 0.47-0.57 W AL,

In [2], it was noted that it is impossible to optimise HS
parameters to achieve simultaneously the maximum working
power and the minimum threshold current. The AllnGaAs/InP
separate-confinement heterostructures for wavelengths of
1.2—1.5 um with four and six quantum wells (QWs) were
grown by the MOCVD method. The absolute threshold cur-
rent reached 10 mA for an LD with a mesa-stripe width W' =
4.5 um and a cavity length of 200 um. The threshold current
densities were 500—600 A cm™ at a cavity length of 1.0 mm.
The possibility of cw lasing at an ambient temperature of
170°C without forced cooling was demonstrated. In the tem-
perature range of 10—80°C, the characteristic parameter 7
reached 110 K. It was shown that the maximum cw power of
an LD based on a four-QW heterostructure with a cavity
length L = 1120 um (at reflectivities of the highly reflecting
and output mirrors of 95% and 5%, respectively) and a pump
current of 1400 mA was 300 mW, and this was not a limiting
value.

The influence of the number of QWs in the active region
on the linearity of the power—current (P—1) characteristic of
a semiconductor laser was considered in [3]. It was shown that
the use of two QWs as an active region leads to a considerable
increase in the internal quantum efficiency of stimulated emis-
sion and to a considerably better linearity of the laser P—17 in
comparison with a single-well structure. At the same time, the
use of tree and more QWs leads only to a slight increase in the
power characteristics in comparison with a two-well struc-
ture. Thus, the two-well structure, taking into account the
simplicity of its growth, is optimal for obtaining high output
powers.

Lysevych et al. [4] considered the influence of the QW
position inside a 1-um laser structure on the output power.
Characteristics of three heterostructures were studied. The
QW lied in the centre of the first laser structure, was shifted
by 300 nm to the adjacent n-layer in the second HS, and
shifted by 300 nm to the p-emitter in the third HS. It was
shown that the maximum output power in the case of the
third HS was 25% higher than in the first two cases.

For development of high-power LDs, asymmetric hetero-
structures with a superwide (wider than 1 um) waveguide are
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used most widely. Studies on high-power LDs are reviewed in
[5]. The influence of asymmetric position of the active LD
region in a superwide waveguide on the suppression of higher-
order modes was considered in [6]. The active region for a
waveguide 1.7 um thick should be shifted by 0.2 um to the
p-emitter; in this case, the thicknesses of the p-and n-wave-
guides become 0.65 and 1.05 um, respectively [6—8].

Works [9,10] were devoted to the development of LDs
with a maximum output power and a maximum working tem-
perature. Structures with asymmetric waveguides were theo-
retically studied in [11,12].

In the case of a mesa-stripe width of 100 um, one may
neglect the broadening of the LD active region due to spread-
ing of the pump current over the p-waveguide. However, this
broadening of the active region in single-mode LDs with a
stripe width of 2—5 um is inadmissible.

In the present work, we experimentally study high-power
single-mode lasers (1 = 1.5-1.6 um) with asymmetric wave-
guides. The distinction of these lasers from the previously
studied lasers with asymmetric waveguides [6—8] is that the
active region in these LDs can be positioned closer to the heat
sink due a considerable decrease in the p-waveguide thickness
(to 0.01 um instead of 0.65 um). This ensures more efficient
heat removal from the LD active region, decreases the emit-
ting region dimension along the p—n junction due to a decrease
in the lateral spreading of the pump current over the p-wave-
guide, and provides single-mode lasing. An increase in the
output power is achieved due to an increase in the n-wave-
guide thickness, because the losses due to free carriers in the
n-waveguide are much lower than in the p-waveguide.

2. Parameters of studied heterostructures
and lasers on their basis

The heterostructures were grown by the MOCVD method in
the In;_,_,Ga, Al As/InP system. We grew two QWs, each 70 A
thick. A barrier layer 120 A thick was sandwiched between
the QWs; waveguiding layers were positioned to the right and
left from the QWs and were 0.01 um thick on the side of the
p-waveguide and 0.73 pm thick on the side of the n-wave-
guide. The thicknesses of barrier layers were 0.1 um. In the
p-InP emitter, a four-component stop layer with a thickness
of 0.012 um was grown to stop chemical etching of the HS in
the process of LD fabrication. The active regions and wave-
guiding layers were undoped. The grown heterostructure was
similar in the geometry of layers and composition to the
type-2 heterostructure in [13, Table 2] but had a different
p-waveguide thickness (0.01 um instead of 0.73 um) and a
stop layer.

This structure was used to fabricate mesa-stripe LDs with
a stripe width of 3 um. ZnSe was used for isolation. We stud-
ied lasers with cavity lengths of 1.0, 1.6, and 2.2 mm. The cav-
ity faces were coated with reflecting and antireflecting films
with reflectivities of about 100% and 5%, respectively. The
LD characteristics were measured from the cavity face with
the 5% reflectivity.

The laser diodes were mounted in copper housings 11 mm
in diameter and on C-mounts. The contact plates and C-mo-
unts were metallised using identical techniques. The laser diodes
were soldered with indium with the active regions down. The
plate with the LD was placed into a cylindrical housing with
a diameter of 11 mm. The housing was mounted on a heat
sink, whose temperature was kept constant using an elec-
tronic stabilisation circuit at 20, 30, and 40°C (T = T, + AT,

where T, = 20°C and AT =0, 10, and 20°C). The characteris-
tics of the LDs on C-mounts were measured on another setup,
the electronic circuit of which maintained temperature at
20°C. The current—voltage (I- V') and P—I characteristics of
laser diodes at a constant pump current were measured at
these fixed temperatures.

2.1. Current—voltage and power —current characteristics of
LDs

The current—voltage and power—current characteristics of
LDs at different heat-sink temperatures are shown in Figs 1
and 2 for cavity lengths of 1.0 and 1.6 mm, respectively.
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Figure 1. Experimental (a) current—voltage and (b) power—current
characteristics of LDs with a cavity length of 1 mm mounted (solid
curves) in copper housings 11 mm in diameter and (dashed curves) on
C-mounts. Theoretically calculated curves are indicated by asterisks.

Analysis of the /- V characteristics shows that the voltage
drop across LDs mounted on C-mounts is lower than the
voltage drop across LDs in copper housings, i.e., at identical
pump currents, the scattered electric power will be lower and
the output power will be higher in the case of C-mounts,
which is also confirmed by the P—1I characteristics.

For LDs in copper housings with a cavity length L = 1 mm,
radiation power P exceeding 200 mW can be achieved at a
temperature of 20°C and pump currents exceeding 700 mA
(P =215mW at a pump current of 880 mA), while LDs with
L =1.6mm have a power of 300 mW at the same temperature
at pump currents exceeding 1200 mA.

The output power of LDs on C-mounts reaches 230 mW
at a current of 900 mA in the case of L = 1 mm, while the
400-mW power of LDs with L = 1.6 mm can be achieved at
pump currents /7 > 1500 mA.

Comparison of the P—I characteristics shown in Figs 1b
and 2b shows that the output power for LDs on C-mounts
with a cavity length of 1.6 mm increases with increasing pump
current faster than for LDs with a cavity length of 1.0 mm.

In this work, we do not present the /—V and P—1 charac-
teristics for diodes with a cavity length of 2.2 mm because
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Figure 2. Experimental (a) current—voltage and (b) power—current
characteristics of LDs with a cavity length of 1.6 mm mounted (solid
curves) in copper housings 11 mm in diameter and (dashed curves) on
C-mounts. Theoretically calculated curves are indicated by asterisks.
The dot-and-dash curve corresponds to radiation at the exit of the sin-
gle-mode fibre-optic cable of the optical transmitting module (POM).

they are similar to the characteristics for LDs with a cavity
length of 1.6 mm.

For LDs with a cavity length of 2.2 mm, a power of 300 mW
can be achieved at a temperature of 20°C and pump currents
exceeding 1450 mA. The power of LDs on C-mounts reaches
420 mW at pump currents exceeding 1700 mA. At identical
pump currents, the power of a laser with a cavity length of
2.2 mm is lower than the power of a laser with a cavity length
of 1.6 mm. However, the P—I characteristic for LDs with a
cavity length of 2.2 mm levels off at higher output powers
than for LDs with a cavity length of 1.6 mm.

Thus, LDs on C-mount demonstrate a lower voltage drop
and a higher output power than LDs in 11-mm-diameter cop-
per housings. The optimal cavity length for LDs with output
powers not exceeding 300 mW is 1.6 mm.

2.2. Differential resistance and differential efficiency

Figure 3 presents the dependence of the LD differential resis-
tance (R, = AU/AL i.e., ratio between the voltage and current
increments) on the pump current / for LDs with cavity lengths
of (a) 1.0and (b) 1.6 mm. The AU, A, and I parameters were
determined as AU = Uy - U, A= [, — I, and I = ([;;; +
)12, where U, q, Uy, I;+1, and I; are the experimentally mea-
sured voltage and pump currents at the (i + 1)-th and i-th
steps.

One can see that the absolute values of the differential
resistances of LDs with a cavity length of 1.6 mm are lower
than those of LDs with a cavity length of 1.0 mm.

The differential resistance of LDs with a cavity length of
1.0 mm in copper housings is lower than that of LD diodes on
C-mounts (the dashed line above the solid curves at I <
800 mA). In contrast, LDs with a cavity length of 1.6 mm

Figure 3. Experimental dependences of the differential resistance on
the pump current for LDs with cavity lengths of (a) 1 and (b) 1.6 mm
mounted in copper housings (at heat sink temperatures of 20, 30, and
40°C) and (dashed curves) on C-mounts.

in copper housings have a higher differential resistance than
LDs on C-mounts.

The differential resistance of LDs with a cavity length of 2.2
mm in copper housings at pump currents below 600 mA almost
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Figure 4. Experimental dependences of the power—current efficiency
on the pump current for LDs with cavity lengths of (a) 1 and (b) 1.6 mm
mounted (solid curves) in copper housings and (dashed curves) on
C-mounts.




498

P.V. Gorlachuk, A.V. Ivanov, V.D. Kurnosov, et al.

coincides with the differential resistance of LDs on C-mounts. At
pump currents exceeding 600 mA, the differential resistance of
LDs on C-mounts is lower than that of LDs in copper housings.

It was shown in [14] that the differential resistance only
slightly affects the laser threshold and efficiency but strongly
influences the maximum output power. In other words, the
lower the differential resistance, the higher the maximum
laser power. A similar conclusion can be made based on the
results of our work.

Figure 4 shows the dependences of the differential power—
current efficiency (3 = AP/AIL ratio between the output power
and pump current increments) on the pump current for LDs
with cavity lengths of 1.0 and 1.6 mm mounted in copper
housings (solid curves) and on C-mounts (dashed curves).
One can see that the power—current efficiency for the LDs on
C-mounts is higher than that for LDs in copper housings (this
is especially pronounced for LDs with a cavity length of 1.6 mm).
Thus, mounting of LDs on C-mounts leads to an increase in
the differential efficiency and output power in comparison
with LDs in copper housings.
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Figure 5. Emission spectra of LDs with a cavity length of 1.6 mm in
copper housings at powers of (a) 300, (b) 60, and (c) 5 mW.

The LD power can be considerably increased in lasers
with mesa-stripe widths of 4—5 pum instead of 3 um. The out-
put power can be also increased by mounting LDs on F-mo-
unts rather than on C-mounts [15].

2.3. Spectral characteristics of LDs

Below, we present the spectral characteristics only for LDs in
copper housings 11 mm in diameter, because our setup did
not allow measuring the spectra of LDs on C-mounts.

Figure 5 presents the experimental spectra of LDs with a
cavity length of 1.6 mm at output powers of 300, 60, and
5 mW and a heat sink temperature of 20°C. It is seen that the
wavelength and the spectral width of laser radiation increase
with increasing output power.

The dependences of the mean laser wavelength, which
corresponds to the centre wavelength of the spectra shown in
Fig 5, on the pump current are given in Fig. 6 for LDs with
cavity lengths of 1.0 and 1.6 mm. In both cases, the laser
wavelength increases with increasing heat sink temperature
and pump current. The dependences of the spectral width (at
half maximum) of laser radiation on the heat sink tempera-
ture and pump current for these LDs are presented in Fig. 7,
which shows that the spectral width increases with increasing
pump current but only slightly changes with increasing heat
sink temperature.

The dependences of the wavelength and spectral width of
LDs with a cavity length of 2.2 mm on the pump current are
similar to the dependences shown in Figs 6 and 7. Note also
that an increase in the spectral width of radiation with increas-
ing pump current was reported almost in all works on high-
power LDs.
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Figure 6. Dependences of the mean laser wavelength on the pump cur-
rent for LDs (in copper housings) with cavity lengths of (a) 1 and (b)
1.6 mm.
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Figure 7. Dependences of the laser spectral width on the pump current
for LDs (in copper housings) with cavity lengths of (a) 1 and (b) 1.6 mm.

2.4. Divergence and polarisation of LD radiation

In this work, we also studied the divergence of LD radiation
along two mutually perpendicular axes at the 0.1 level and at
half maximum of radiation intensity. Table 1 lists the diver-
gences along the axes perpendicular (L) and parallel (||) to the
p—n junction for LDs with cavity lengths of 1.0, 1.6, and
22 mm at output powers P = 50 and 100 mW. One can see
that the divergence along the axis parallel to the p—n junction
increases with increasing power and decreases with increasing
LD cavity length from 1.0 to 2.2 mm. The divergence along
the axes perpendicular the p—n junction does not depend on
the output power and cavity length and is 44°-46° at half
maximum.

Almost the same results were obtained in work [1]. In this
work, it was found that the width of the radiation pattern at
half maximum increases insignificantly, from 8° near the las-
ing threshold to 9° at an output power of 185 mW. The mea-
sured far-filed pattern in the plane perpendicular to the p—n
junction testifies to generation of the fundamental optical
mode. The divergence is 38°—40° in the entire pump current
range.

Following work [1], to confirm that the LD lasing in our
study is single-mode, we measured the radiation pattern width

Table 1.
Radiation divergence/deg
LD
number L/mm P/mW level 0.1 level 0.5
1 I 1 Il
16 | 50 93.4 16.6 44.5 6.9
100 92.2 17.8 44.1 7.6
6 16 50 91 17 45.7 6.7
’ 100 86 18 44.5 7.5
50 100 14.7 45 5.1
12 2.2
100 100 16.2 45 5.9

along the axis parallel to the p—n junction. The beam diver-
gence of the LD with a cavity length of 1.6 mm and a mesa-
stripe with of 3 um was 6.7° at a laser power of 5 mW, 7.1° at
60 mW, 7.5°at 100 mW, 8.7°at 200 mW, and 12° at 300 mW.
However, these data are insufficient to unambiguously con-
clude whether the radiation is single mode in the whole power
range. Because of this, we assembled an optical transmitting
module (POM) in a standard 14 pin DIL package, which was
used for data transfer in fibre-optic communication lines with
a single-mode fibre-optic cable (FOC). The dot-and-dash curve
in Fig. 2b shows the P—T characteristic at the POM exit. The
power at the FOC exit exceeded 100 W at a pump current 7 >
650 mA. Taking into account that 50% of radiation is lost
when it is coupled into the FOC, the LD power was higher
than 200 W. At 7 > 700 mA, the electronic temperature stabi-
lisation circuit failed to remove heat from the thermoelectric
cooler and switched off the POM. Thus, it was experimen-
tally proved that the single-mode LD power was no lower
than 200 mW.

Measurements showed that the LD radiation is strongly
polarised. Table 2 presents the measured values of # = (P —
Poi)(Pmax + Pin) and K = P /P, for LDs with cavity
lengths of 1.0, 1.6, and 2.2 mm for output powers P = 50 and
100 mW (P, and P, are the maximum and minimum pow-
ers at the exit of the polariser for its two mutually perpendicu-
lar positions).

The data of Table 2 show that the ratio of the TE-polarised
radiation power to the TM-polarised power may exceed 700.

Table 2.
LD
number L/mm P/mW Pmax/mw Pmin/uw n K
16 | 50 14.38 52 0.99 277
100 29.98 40 0.997 749
6 16 50 15.48 57 0.993 271
’ 100 31.38 69 0.996 455
. . 3
12 25 50 14.38 62 0.991 231
100 29.58 130 0.991 228

2.5. Internal optical losses in the LDs

Important parameters for achieving high LD power and effi-
ciency are internal optical losses & and injection efficiency 7;,,
which are determined from the relation [16, 17]

i 1
Tizﬁ(l +aim) (1)

where 7, is the power—current efficiency, a, = L' In(1/
Y RiR,), L is the LD cavity length, R; and R, are the reflec-
tivities of mirrors, fiw is the photon energy, and ¢ is the elec-
tron charge.

Figure 8 shows the dependence of #;! on l/a,, for LDs
with cavity lengths of 1.0, 1.6, and 2.2 mm, R; = 100%, and
R, = 5%, which were mounted in copper housings 11 mm in
diameter (the obtained results are independent of the type of
mounting). The approximating straight line, which allowed
us to determine a = 3.3 cm™! and #;, = 0.7, was drawn using
the least-squares method.

In the present work, the value of & obtained for two QWs
is 3.3 cm™!. In work [1], these losses for the InGaAsP/InP sys-
tem with two QWs were a = 5—7 cm™ for all the studied series
of HSs. In [2], parameter « for the AlInGaAs/InP system for
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Figure 8. Dependence of the reciprocal power— current efficiency on
the value l/a,, = L{In(1/v/ R,R,)]™! for LDs with cavity lengths L = 1.0,
1.6, and 2.2 mm.

radiation with A = 1.2—1.5 um was 8 cm™! for four QWs and
12 cm™! for six QWs.

3. Determination of characteristic temperatures
of LDs

To determine the characteristic temperatures of the LDs, let
us use the results of work [17]. The LD power was calculated
by the formula

P=n(,P,AT)I-I(I,P,AT)]. (2)
The dependences of the threshold current 7; and power—

current efficiency #, on the pump current, output power, and
temperature can be represented in the form

ATy(I.P.A
A@RAD=Awm&Jﬂfij%, 3)
— ATy (L P.A
D1 PAT) = poexp(“HEELED) @

where I,y and 7, are the threshold current and power—current
efficiency without taking into account heating of the LD active
region, 7; and Tp are the characteristic temperatures of the
LD for the threshold pump current and the power—current
efficiency.

The change in the active region temperature due to heat-
ing is written as

Ty + ATg(L, P,AT)

.
. )au—m+Aﬂ@)

ATi(I, P,AT) = RTo(

where T, = 293 K and AT = 0, 10, and 20 K. The LD tem-
perature T = T, + AT was kept constant at 20, 30, and 40°C
using an electronic stabilisation circuit.

One of the main parameters that determine the maximum
LD output power is its thermal resistance. The thermal resis-
tance of the interface between the active region and the con-
tact plate was calculated by the formula [18]

Ry =

ll%mm) 6)

krmL W

where kr is the thermal conductivity, /4 is the LD crystal
height, and w is the mesa-stripe width. The thermal conduc-
tivity kr of the InP crystal was taken to be 0.68 W (cm-K)™,
and ky for the AlGayn,_, As structure was
0.05-0.07 W (cm K)™! depending on x at 1-x—y = 0.52
[19, Fig. 2.34].

The thermal resistance of the interface between the active
region and the heat sink, which was used in calculations,
was determined as Rty = Rjg + R,,q, Where R4 is the ther-
mal resistance of the heat sink (together with the LD mount).
The value R,,q = 4.8 K W=! for LDs in copper housings
was borrowed from [17]. In calculations for LDs with w =
3 m and /3 = 100 pm, we used Ryp = 32 K Wlat L =
1.0mm, Rrp =21 K Wlat L=1.6mm, and Ryy=17 K W!
at L =2.2 mm.

Asterisks in Fig. 1b indicate the calculated powers of radi-
ation from the antireflection-coated faces of laser diodes with
a cavity length of 1.0 mm in copper housings. The best coinci-
dence between the experimental and calculated data in this
case is observed at 7,=70 K, Tp =190 K, I,y =0.072 A, 5o =
0.45W A and k=1.7.

Asterisks in Fig. 2b indicate the calculated powers of radi-
ation from the antireflection-coated faces of LDs with a cav-
ity length of 1.6 mm in copper housings. The best coincidence
between the experimental and calculated data in this case is
observed at T;=80K, T =280 K, I,;=0.08 A, ;=035 W A",
and k= 1.4.

Analysis of our calculations leads to the following conclu-
sions: the characteristic temperature 7; changes within the
range of 70—80 K, while the characteristic temperature 7p
changes from 190 to 280 K. In [17], the characteristic tem-
peratures were determined to be 7)= 53 K and 7, = 100 K.
The higher values of the characteristic temperatures obtained
in our work are obviously explained by a closer position of
the active region to the heat sink and by a more efficient heat
removal than those in work [17], in which the thicknesses of
the waveguiding layers were 0.65 and 1 um.

4. Conclusions

It is shown that lasers with a cavity length of 1.6 mm and a
mesa-stripe width of 3 um soldered on a contact plate or
mounted in a copper housing 11 mm in diameter can emit
radiation with a power exceeding 300 mW. The output power
of lasers on C-mounts may reach 400 mW and more. When
mounting lasers in a standard 14 pin DIL package, one can
obtain a power no lower than 100 mW at the exit from a sin-
gle-mode cable, which, taking into account 50% losses of
radiation upon its coupling into the FOC, corresponds to the
single-mode LD power exceeding 200 mW.
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