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We present results of theoretical studies of external tuning for laser diodes based on InGaAsP/InP het-
erostructures at temperatures from 300 K down to 80 K and at hydrostatic pressures up to 2.27 GPa. The tuning

range achieved by pressure and grating was 390 nm (from 1220 nm to 1610 nm).

At lower temperatures the

tuning range achieved with grating was significantly reduced. Our results indicate that pressure tuning is much
more effective than temperature tuning when combined with tuning by external grating.

PACS: 42.55.Px, 85.60.Jb

1. Introduction

The most common method for wavelength tuning of
the laser diode involves a wavelength-selective reflection
of light in an external cavity system [1]. Such tuning
is limited to the range of positive net gain of the laser.
Another method consists in shifting the whole gain spec-
trum of the laser by the application of high pressure or
low temperature [2] (increased temperatures usually in-
crease the threshold currents and decrease the efficiency).
High pressure and low temperature increase the direct
bandgaps in the active layer of the laser, shifting its emis-
sion to shorter wavelengths.

In order to model the experimental results, we have
performed calculations of gain as a function of pressure
and temperature, employing an 8 x 8 k - p scheme [3]
for electronic structure of the InGaAsP quantum well.
The gain is obtained as a function of carrier concentra-
tion and the concentration, in turn, is related to current
assuming two recombination channels: radiative and the
Auger ones. Since the radiative recombination dominates
at temperatures up to 220 K, knowledge of the temper-
ature dependence of the threshold currents allows us for
separation of these two contributions.

2. Theoretical model

The fundamental characteristics of the quantum-well
laser influencing its wavelength-tuning capability is the
optical gain. It is determined by the electronic band
structure (similarly to absorption) and by the car-
rier concentration in the quantum well (determined by

pumping).
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The subband-to-subband optical gain can be calcu-
lated using the Fermi golden rule
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where V' is the crystal volume, ¢ is the polarization of
light, /w is the photon energy, f¢ and f* are the distri-
bution functions for electron and holes, respectively, and
Pg_ (k) is the optical matrix element. To get the final
material gain, we must integrate over the energy apply-
ing a broadening function
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For broadening, we have used Lorentzian distribution
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with intraband relaxation time 73, ~ 0.1 ps [4].

In narrow band gap materials good description of the
band structure requires an 8 x 8 k - p model which in-
cludes the conduction band, the heavy and light-hole
valence bands and the spin—orbit split-off band. For
the quantum well, the model must also take into ac-
count the built-in strain (in case of lattice mismatch be-
tween the well and the barrier) and the proper bound-
ary conditions for the envelope functions. We have used
the nextnano® software package [3] which yields the en-
velopes and dispersion within the nonparabolic 8 X8 k-p
model and then allows for calculation of the absorption
profile of the quantum well. For a given carrier con-
centration in the quantum well (assuming charge neu-
trality i.e. n = p), we have calculated the quasi Fermi
levels for electrons and holes. This, in turn, allows us
to obtain the Fermi—Dirac occupation probabilities f,
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and fy. The material gain has been obtained by mul-
tiplying the absorption profile by fo — fn. We neglect
many-body effects and we assume flat-band conditions
in the well and barrier. The information on the parame-
ters of considered laser has been taken from the literature
data on similar bent-waveguide lasers [5, 6]. The active

J

layer contains two 10 nm Ing73Gag.o7Asg.g2Pg.18 com-
pressively strained (0.9%) quantum wells surrounded by
Ing.73Gag.27Asg.57Po.43 lattice matched barriers and InP
claddings. The width of the ridge is 5 pum, chips are 1 mm
long.

TABLE

Material parameters at room temperature and zero pressure used in the calculations. In the first row the
expression for the energy gap as a function of pressure and temperature is given.

Eg (pv T)
a — absolute deformation potential at I" point

b, d — uniaxial deformation potentials for the valence band

Y1,7Y2,7y3 — Luttinger parameters

g, — dielectric constant in the active layer
AFE. — conduction-band offset

AFE, — valence-band offset

n1 — refractive index in the active layer

Ago — spin—orbit splitting in the quantum-well material

FE, — energy equivalent of the dipole matrix element

Material parameters (bandgap, the Luttinger param-
eters, band-offsets, deformation potentials) have been
taken from [5] and are listed in Table. The pressure and
temperature dependence has been introduced through
the variation of the direct energy gaps (in the well and
in the barrier) with pressure and temperature

2

T
Eg(p,T)=E§+ap+ﬁp2—T7+5, (4)

where we assume quadratic dependence of the bandgap
on pressure and the Varshni dependence on temperature
(see Table). We assume also that the pressure variation
does not depend on temperature and vice versa.

The effective masses of electrons, light holes and spin—
orbit split-off holes change with pressure and tempera-
ture according to the 8 x 8 k - p model. The mass of
heavy holes, the spin—orbit splitting and the band offsets
are assumed independent of pressure and temperature.
Apart from the dominant el-hhl transition we must in-
clude (in the calculation of gain) the e2-hh2 transition
and the el-1h1 transition (which are almost degenerate).
Due to the compressive built-in strain, the light-hole lev-
els are pushed away from the heavy hole levels. For low
carrier concentrations, gain is mostly dominated by the
hhl-el transition but we include in our calculations all
three above-mentioned transitions.

Within the described model, we are able to obtain the
material gain for a given carrier concentration in the well.
The region of positive gain is determined by the Bernard—

0.0003472

0.8111 4 0.01094p — 0.000127p* — T+50

—5.1eV
—1.769 eV, —3.753 eV
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14.33
0.210 eV
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3.786
0.35 eV
20.53 eV

Duraffourg condition E,y < fw < Ey + AE, where Ey is
the effective bandgap in the quantum well and A E¥ is the
sum of the Fermi energies in the valence and conduction
bands. In order to determine the modal gain, we need
the confinement factor I" in the waveguide. At ambient
conditions for the set of two quantum wells, we take I" =
0.0219 (following Ref. [7]).

The confinement factor depends on the geometry of
the active layer, on refractive indices and on the emis-
sion wavelength A. The dominant effect of pressure and
temperature on I" occurs through the changes of A; how-
ever, there is some small effect due to the refractive in-
dex contrast varying with pressure and temperature but
it was shown to be negligible in Refs. [8] and [9]. In
Refs. [10] and [11], the five-layer dielectric slab wave-
guide model was used to determine the pressure variation
of I'. For the 1540 nm telecom laser, the authors obtained
dI'/(I'dp) = 0.114 GPa~! and this is the value that we
adopt for our laser. The corresponding temperature vari-
ation of I" (occurring also through the changes in A) has
been taken as dI'/(I'dT) = —4.5 x 10~* K~!. Summa-
rizing, we use the following formula for temperature and
pressure dependence of the confinement factor I':

I'(p,T) =0.0219 x [1+0.114p
—4.5 x 1074(T —293)] (5)

where p and T are given in GPa and K, respectively.
We have to relate the carrier concentration to the cur-
rent density. In telecom lasers it is established that the
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two major contributors to threshold current are: (i) the
radiative recombination and (ii) the Auger recombina-
tion

Ith(pa T) = rad(p7 T) + IAug(p7 T) (6)
The radiative recombination is proportional to the square

of the carrier concentration (we assume charge neutrality
of the quantum well i.e. n = p):

Laa(p, T) = B(p,T) x n*(p,T), (7)
where
27T€2n1EpLzEg 1
3micdeoe kT mpn + me

x( Moo | _ T ) (7a)

Mph + Me  Mip + Me

B =

and depends on pressure and temperature mainly
through the factor Eq/kT. In 980 nm InGaAs/GaAs
lasers (where the threshold current is dominated by ra-
diative transitions) it has been shown [12] that the radia-
tive current is approximately proportional to k7. Pres-
sure measurements of 980 nm lasers revealed [12] a very
small variation of threshold current with pressure. There-
fore in the present paper we assume a linear kT depen-
dence of I,,q and we assume that it does not change with
pressure.
The Auger recombination is proportional to n®:

Inug(p,T) = C(p,T) x n*(p,T), (8)

where the coefficient C' depends on the process in-
volved [11, 13, 14] but in general it is proportional to
exp(—AE/kT), where AE is the activation energy that
increases with band gap. This is why the Auger recom-
bination decreases rapidly with increasing pressure and
decreasing temperature.
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Fig. 1. Modal gain at threshold for the InGaAsP laser
for different pressures (at room temperature) and cor-
responding threshold concentrations nyp,.

At room temperature and ambient pressure about 50%
of the threshold current is due to radiative recombination
and 50% to the Auger recombination. The carrier con-
centration at threshold ni,(p, T) obtained from Eq. (7)
is roughly proportional to kT and slowly decreasing with
pressure. Assuming typical for such lasers value of ra-
diative threshold current (23 mA) at 300 K and ambient
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Fig. 2. Modal gain at threshold for the InGaAsP laser
for different temperatures (at ambient pressure) and
corresponding threshold concentrations n4y.

pressure and using the typical temperature dependence
of threshold current, we are able to determine its radia-
tive component. This, in turn, allows us to determine
the carrier concentration for other pressures and temper-
atures. The corresponding threshold concentrations are
depicted in the legend of Fig. 1 and Fig. 2.

3. Results and discussion

For the particular structure studied in this paper, the
wavelength can be tuned by about 300 nm for pressures
ranging from 0 to 22.7 kbar (see Fig. 3) and by 100 nm
changing the temperature from 300 K to 80 K (see Fig. 4).
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Fig. 3. Predicted range of the positive net gain vs.
pressure for temperature 293 K. This represents the esti-
mate of the total tuning range achievable with pressure
and external grating. Empty symbols denote the short-
-wavelength zeros of the net gain, whereas full symbols
denote the long-wavelength zeros of the net gain.

The maximum gain must be equal to the sum of internal
losses and mirror losses. In Figs. 1 and 2 the internal
optical loss has been assumed to be 11 cm~! [7] and
we neglect its temperature and pressure variation. The
internal losses (like the free-carrier absorption or intra-
-valence band absorption) may change significantly with
the emission wavelength but as long as they are much
smaller than the maximal gain, their variation does not
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Fig. 4. Theoretical predictions for the range of the pos-
itive net gain vs. temperature at zero pressure. This rep-
resents the estimate of the total tuning range achievable
with temperature and external grating. Empty and full
symbols denote, respectively, the short-wavelength and
the long-wavelength zeros of the net gain.

affect the width of the positive net gain. Figures 3 and 4
represent the total possible tuning range, if we combine
pressure or temperature tuning with external cavity one.
If we compare them, we can see that pressure tuning
allows for a wider overall tuning range than temperature
tuning when combined with tuning by grating. In fact,
the narrowing of the gain curves at low temperatures is
so significant that we lose the tuning range (compared to
the room-temperature case).

4. Summary and conclusions

The studies of the external cavity tuning with temper-
ature and pressure have been performed for a quantum-
-well laser based on InGaAsP quantum well. These stud-
ies are based on gain calculations in the framework of
the 8 x 8 k- p model. It turns out that lowering the tem-
perature is not effective in extending the overall tuning
range due to the rapid narrowing of the threshold gain
at low temperatures. This is mainly caused by the drop
of threshold concentration. On the other hand, tuning
at high pressure allows an increase of the overall tuning
range from 160 nm up to 390 nm. We have also investi-
gated the influence of external factors on the nonradiative
and radiative currents. We find out that the nonradia-
tive current amounts to about 50% of the total current

at ambient conditions and decreases to about 20% at the
pressure of 2 GPa.
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