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ABSTRACT. In the present work we study the temperature dependence of the threshold current
density Ji, in straight separate confinement heterostructure (SCH) lasers. The laser structures were
grown by the low temperature liquid phase epitaxy (ILT-LPE) technique. The threshold current of
the devices was measured in a wide temperature interval (77-350 K) for conventional and quantum
well (QW) lasers. In order to have a better characterization of the laser diodes and understanding
of the results, theoretical estimations of the temperature dependence of Jy,, were performed. The
theory takes into account three loss mechanisms: leakage current, non-radiative recombination
from the L and X conduction band minima of the active layer material and Auger recombination.
The experimental results fit quite well the theoretical predictions. Moreover, it will be shown that
the mayor influencing factor in the threshold current density-temperature behavior is the leakage
current., The relatively high values of the characteristic temperature Ty obtained, prove that LT-
LPE technique is a suitable one for the performance of laser diodes with a good thermal stability.

RESUMEN. Se presenta un estudio de la dependencia térmica de la densidad de corriente de umbral
Jun para laseres de heteroestructuras con confinamiento separado (SCH) recto. Las estructuras
laseres fueron crecidas por el método de epitaxia liquida a bajas temperaturas (LT-LPE). Se
midi6 la corriente de umbral en un intervalo amplio de temperatura (77-350 K) en ldseres del tipo
convencional y del tipo de pozos cudnticos (QW). Para una mejor caracterizacion de los dispositivos
y comprension de los resultados se realizo un estudio teérico de la dependencia térmica de la Jiy.
El modelo tedrico incluyé tres mecanismos de pérdidas: la corriente de fuga, la recombinacion no
radiativa desde los minimos L y X de la banda de conduccién del material de la zona activa del
laser y la recombinacion de Auger. Los resultados tedricos estan en buena concordancia con los
datos experimentales y permitié concluir que el mecanismo de mayor influencia en la dependencia
térmica de la densidad de corriente de umbral Jyy, es la corriente de fuga. Los valores relativamente
altos de la temperatura caracteristica Ty obtenidos, prueban que la técnica LT-LPE es adecuada
para la obtenci6n de ldseres con buena estabilidad térmica.

PACS: 42.55.Px; 73.40. Kp
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1. INTRODUCTION

The liquid phase epitaxy (LPE) technique at low temperature regimes (LT-LPE) for the
growth of multilayer semiconductor heterostructure lasers in the AlGaAs system has been
used successfully for the performance of good laser diodes. Using this technique we have
reported a threshold current density (Jiy,) value of 192 A /cm? for a laser diode with cavity
length L = 1,15 mm at A = 848 nm [1]. Recently, AlGaAs quantum well laser diodes with
graded index waveguides obtained by this technique were also reported [2]. An item of
major concern for all diode laser is the temperature dependence of the threshold current
density. This is particularly important because in practical applications the heat-sink
temperature often becomes much higher than room temperature, and it is necessary for
the laser to be operated stable even at such high temperature. In this work, the tem-
perature dependence of the threshold current density is theoretical and experimentally
analyzed for lasers with active layer thicknesses of 12 and 30 nm respectively grown by
LT-LPE. Three loss mechanisms: the leakage current, the nonradiative recombination
in the L and X conduction band minima and the Auger recombination are taken into
account to explain the increase of Jy, with temperature observed experimentally. It will
be shown that our experimental results fit quite well with the theoretical predictions
and that the mayor influence factor in the behavior of the threshold current density
temperature dependence is the leakage current, which become important over room tem-
perature.

2. DEVICE DETAILS

The devices used in the present study were straight separate confinement heterostructure
(SCH) five layers Al;Ga;_,As laser diodes in the stripe metal contact configuration.
Two structures are analyzed, the conventional one with active layer thickness of 30 nm
and the QW structure with an active layer thickness of 12 nm. The Al content r for
Al;Gaj_As in the active, barrier and cladding layers are 0.14, 0.34 and 0.7, respectively,
in the conventional structure; and 0.03, 0.28 and 0.7 in the QW structure. The aluminum
composition of these layers was determined using the double crystal X-ray diffractometry
and Raman measurements as was reported previously [3]. Details of the growth procedures
and about the heterostructures are given elsewhere [1,4]. For the experiments, as cleaved
laser diodes were mounted on a copper heat-sink in which a thermocouple was embedded.
The temperature was varied from 77 to 350 K. The device measurements were carried out
in pulse mode with a pulse length of 1 us and a repetition rate of 1 Khz. The threshold
current is obtained from the light-current characteristic.

3. CALCULATIONS OF THE THRESHOLD CURRENT DENSITY
In order to explain the experimental temperature dependence of the threshold current.

some loss mechanisms must be taken into account. In this work, following Ref. [5] we con-
sider three such mechanisms that contribute to an excess of nonradiative current density:
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nonradiative recombination in the L and X conduction band minima, nonradiative Auger
recombination and the leakage of carriers across the heterobarriers.

3.1. Radiative current

The radiative component to the threshold current density is

dl’ 1 1
_ O — 1
Trad = Jo 73 [a‘ L s (R)] ' (1)

where, d is the active layer thickness, L is the cavity length and R is the mirror reflectivity.
The internal quantum efficiency 7; is taken equal to the unity and the intrinsic loss oy, is
obtained from the measured length dependence of the differential quantum efficiency. For
a; we found, in the conventional structure 7.6 cm~! and in the QW structure 20 cm™1L.
The confinement factor I' was calculated from electromagnetic wave analysis and results
to be 0.12 for the conventional structure and 0.042 for the QW structure. In this work
we considered the thermal dependence of the gain coefficient 3 through the simulated
relation: = 9.3311 T%%!3 that was obtained based in a previous reported data [6]. The
threshold current density at transparency Jy can be evaluated as follows

i
b ngea 1 @)
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where d is 30 nm and 12 nm for the two structures compared, 7 is the radiative lifetime
taken as 2 ns and ng, the injected carrier density needed for transparency, can be derived
from the laser threshold condition

Epe+ Epy =0, (3)

where Ep,, Ep, are the Fermi energies for the electrons and holes, respectively. They can
be obtained using the Joyce and Dixon approximation (7] as follows:

EFe—ln(i)-i- (n)+ (n)"’ n\3 n\4
kT AN T AR ) TU\F) T (F) +ﬂ4(f\_’c)' (4)

For the conventional structure the density of states of the conduction band is N,
2(27mekT/h?)3/2 the conduction band effective mass m. = (0.067 + 0.083 T)mg, a; =
0.35355, az = —0.000495, a3 = 1.4838 x 10—* and ag = —4.4256 x 1075, A similar
expression holds for Eg,, with m, = (0.48 4 0.31 2)myg. Since in our laser the active
layer was not intentionally doped, then from the neutrality condition, n = p. In the
QW structure the density of states depends linearly with the temperature instead like as
T3/? as it does in a bulk material (previous case). Thus the expressions must be changed
New) = (rrr(w.)kT/rriz3d). The coefficients are in this case a; = 1/2, ag = 1/24, a3 = 0
and ay = —0.000347.

Considering the temperature dependence of the N and Ny, and using (3) we obtain the
ng values in the 77-350 K temperature range. The values of ng and .J; obtained in this way
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are 1.4 x 10118 em ™ and 343 A/cm? respectively at 300 K for the conventional structure
and 1.1 x 10'® em™* and 95.9 A/cm? for the QW structure at the same temperature.

3.2. Nonradiative currents

The first mechanism considered involves populating the L and X valleys of the conduction
band, from which electrons can only recombine with holes through a downward transi-
tion involving phonon participation. This additional nonradiative recombination current
density is given by

L.X ny +nx "
Jnr = Jrad (—) ’ (D)
nr

where ny, nx and nr are the electron concentrations at £z, Ex and Er conduction band
minima respectively and can be easily evaluated from the expressions given in Refl. 8].
This component to the current density results very small in the structures considered in
this work because of the small aluminum content in the active layer. It is known that for
low Al content the electron concentration in the I' valley is higher than the concentration
in the L or the X valleys. The second mechanism considered is the nonradiative Auger
recombination. Although AlGaAs has a lower Auger coefficient Cy, in very thin active
layer the carrier concentrations requirements are higher than in the normal case and
Auger processes may then become important. The additional component to Ji, due to
this process is usually written as

Jaug = edCan®. (6)

We used a temperature-dependent Auger coefficient (CA)conv = Caoo exp[0.0404(T/300)]
as given in Ref. (9], where C3g0 = 4.22 % 10730 cmb - s~ 1. At 300 K the additional Auger
current density is Jo,g = 17.4 A /em? for the conventional structure. For the QW structure
(Ca)ow = (kT/E(l)l/z(CA)mnv and Jaug is 33 A/cm*2 at room temperature. Notice that
the Auger component is greater for the QW structure.

The third and final mechanisi considered is the carrier leakage out of the active layer.
The leakage current can be evaluated [8] as

eDn*
Jyig = ——=» 7
o Lo tanh(%) 0

where L, and D are the electron diffusion length and the electron diffusion coefficient
respectively. We took L, = 1 pm and D = (kT/e) - un We used p, = 100 em?V/s
for a cladding Alp7Gag3As layer. The distance s from the edge of the p-cladding layer
to the p-GaAs contact layer is 0.6 and 0.5 pm for the conventional and QW structure
respectively. Here, n* is the excess electron concentration at the edge of the p-cladding
layer and depends on the electron density injected in the active layer. This determines
the position of the electron quasi-Fermi level Ep., assumed to be constant throughout
the waveguide layers beyond the edge of the cladding layer. In fact, this means that we
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TABLE 1. Energy gaps for Al,Ga,_,As as a function of temperature and composition.

Energy gap Dependence Range
Er(T,z) (eV) 1.5428 + 1.31822 — 4 x 107%(1 + 0.6 )T T <045
Er(T,z) (eV) 1.5428 + 1.247 2 — 1.147(z — 0.45)2 — 4.2 x 10~4T z> 045
E.(T,z) (eV) 2.006 + 0.125x + 0.143z% — 3.6 x 10747 whole range
EL(T,z) (eV) 1.8654 4+ 0.642x — 5.3 x 107T whole range

are considering a DH instead of the real SC heterostructure. n* also depends on the
discontinuity of the conduction band AE.. We took a value 0,68/0,32 for the ratio of
the conduction to valence band offset according with [10]. The leakage current density
Jaigr in the case of conventional structure at 300 K results in 295 A/em? and for the QW
structure Jgig = 72 A/cm?.

For computational purposes it is convenient to express the energy gaps as a function
of both the temperature and the composition. The dependence of the band gap with
temperature was taken from Ref. [11], and that of the energy gaps with the aluminum
composition from Ref. [8]. The quantities obtained from these relations are summarized
in Table L.

4. DISCUSSION

The individual current components as a function of temperature for both structures is
plotted in Fig. 1 showing that over room temperature the most important mechanism
is the leakage current in both cases. At a given temperature this loss mechanism also
predominates when the Al content in the active layer is increased as reported in our
previous paper [1]. The J,, can not be appreciated in the figure because it is very small
in comparison with the other components of the total threshold current density.

The total threshold current density Jp is the sum of the previous considered current
components and can be expressed as

1 = Jrad + Jor + Jaug + Jaisr- (8)

Figure 2 shows the total current density as a function of temperature evaluated from (8)
together with the measured values of J,;, for a laser diode from the conventional structure.
The characteristic temperature T for this device is 123 K and was experimentally obtained
using the empirical expression, Jy,(T) = J(0) exp(T'/Tp) as was previously reported in
Ref. [12]. In Fig. 3 the theoretical and experimental values of the threshold current density
are plotted for a QW laser. The characteristic temperature Tp is 200 KK for this laser. As can
be seen the experimental results fit quite well the theoretical predictions. As demonstrated
in the previous calculations, the main mechanism responsible for the increase of Jy;, with
the temperature is the leakage current.
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FIGURE 1. Calculated different components of the threshold current density plotted as a function
of temperature for the both types of structures studied. The cavity length was taken as 540 pum.

4. CONCLUSIONS

Measurements of Jy;, as a function of temperature are presented for conventional and QW
structures grown by LT-LPE. Instead the usual empirical expression for describing the
temperature dependence of the threshold current for lasers, we used a theoretical model
in which the temperature dependence of all the involved parameters, including the gain
coefficient 3 was considered. The measurements are reproduced by this model. Moreover,
it is demonstrated that in our lasers the leakage current is the most important thermal
loss mechanism responsible for the increasing in Jy, with temperature. Similar results of
the Jyn(T) dependence were observed for other laser samples. The relatively high values
of Ty achieved, proves that the LT-LPE technique is useful for the performance of laser
diodes with a good thermal stability. The results in the present paper are a contribution
to the characterization of laser structures grown by the LT-LPE technique.
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FIGURE 2. Threshold current density as a function of temperature. The open circles are the
measured Jy, for a laser diode with L = 546 um and emission wavelength A = 756 nm. The solid
curve is the predicted total threshold current density according to expression (8).
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