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The effect of rapid thermal annealing to device performance of InGaAs/AlGaAs quantum well laser diode has been
investigated using photoluminescence (PL), double-crystal X-ray diffraction (DCXRD), photo-response (PR) and lasing
characteristic. X-ray measurement results show that there is an incorporation of carbon atom in lattice site of higly doped
p** GaAs contact layer. The photocurrent spectra at room temperature reveal that the relative intensity of 1e-1hh transition
of annealed samples is much higher than that of as-grown samples and the peak became narrow. Stark shifts are much
higher for the samples after annealing in comparison to the as-grown samples and this has been attributed to a decrease of
the confining potential due to thermal interdiffusion. Characteristic of laser diodes shows that there is no significant
degradation of lasing parameters after annealing has been observed and it has been found that the threshold current of
annealed laser diodes are approximately four times less than as-grown laser diodes and this has been attributed to the

electrical activation of carbon.
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1 Introduction

Thermal annealing is an essential semiconductor
device processing technique and is particularly useful
for intermixing where high temperature is required to
initiate the interdiffusion process between barrier and
guantum well region. On the other hand, the high
temperature annealing required for interdiffusion
could adversely affect the quality of the quantum
wells and device performance. Despite this
disadvantage, quantum well intermixing (QWI) has
been widely used to modify the band gap energy. In
addition to this, quantum well intermixing can be used
to tailor new devices and has found applications in
semiconductor lasers, waveguides, and optoelectronic
integrated circuit. There are several methods
commonly used to initiate the well-barrier intermixing
such as impurity induced disordering?, impurity-free
vacancy disordering®® and ion implantation induced
disordering®. All these methods rely on the diffusion
of defects across the heterointerfaces to initiate
interdiffusion process. Many studies have reported the
effect of dopants on the intermixing®® but the effect of
dopant diffusion in actual optoelectronic devices has
not received much attention.
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In this study, the influence of rapid thermal annealing
to device performance of InGaAs/AlGaAs laser diode
doped with carbon is investigated. For this purpose, a
thin p-clad laser structures was grown where the top
layers and cladding layers were doped with carbon
atoms. The use of carbon as p-type dopant is
motivated by the low value of the diffusion
coefficient in comparison to conventional dopants
such as Mg, Zn and Be’®. Also, carbon is well suited
to the fabrication on integrated optoelectronic devices
that require interdiffusion steps where high
temperature annealing is performing to initiate the
well barrier interdiffusion. Furthermore, carbon
doping demonstrates high doping concentration®!
and high solid solubility!?. These features make
carbon suitable for electronic and optoelectronic
devices such as heterojunction bipolar transistors
(HBTs)® and laser diodes**.

The thin p-clad InGaAs/AlGaAs QW laser
structures used in this study is asymmetric structure
design that most of the optical field distribution lies in
the n-type layers, near the substrate and only small
part of the distribution is found near top surface. In
addition to this, since the thin p-cladding layer is
about 0.3 pm compared with the standard thickness of
about 1-1.5 pm. The penetration of the optical mode
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into the top surface is sufficient to achieve the
required gratting coupling by shallow etching.

2 Experimental Details

Low pressure metal-organic vapour deposition
(MOCVD) was used to grow the laser structure thin
p-clad asymmetric structure grown on n* GaAs
substrate. The details of these asymmetric
InGaAs/AlGaAs laser structures have previously been
reported®!’. The thin p-clad layer has a nominal
thickness of 0.3 um and a doping concentration of
~1x10' cm?3. The top p** GaAs contact layer was
highly doped (> 10¥* cm?®). Both AlLGai«As
p-cladding and GaAs contact layers were doped with
carbon. The active region consists of two
INo.20Gao.s0As undoped QWs which were separated by
Alo20GaosoAs barrier layers, while the bottom n-type
cladding layers were doped with Si. The schematic of
the laser structures are summarized in Table 1. The
samples were annealed under Ar flow in a rapid
thermal annealer in the temperature range of
875-925 °C for 60 s. During annealing, the samples
were sandwiched between two GaAs substrates to
minimize arsenic loss. Double-crystal  X-ray
diffraction (DCXRD) measurements were performed
to determine the strain caused by the C atoms.
Photoluminescence  (PL)  measurements  were
performed at 77 K and at room temperature. The PL
set-up consisted of a frequency-doubled diode-
pumped solid-state laser (A= 532 nm) for excitation
and an InGaAs photodetector at the output slit of
0.5 m monochromator.

Table 1 — Details of the asymmetric InGaAs/AlGaAs QW laser
structures used in this work

Layer type Al composition Thickness Doping
)
p** GaAs 0.00 0.0 um  C:>10°cm3
p AlxGaixAs 0.60 0.30 um C:~10%cm?3
Grading AlxGaixAs 0.60 — 0.20  0.16 pm Undoped
GaAs 0.00 1.8 nm Undoped
Ino.20Gao.s0As QW 6 nm Undoped
GaAs 0.00 1.8 nm Undoped
AlxGai-xAs 0.20 6 nm Undoped
GaAs 0.00 1.8 nm Undoped
INo.20Gao.s0As QW 6 nm Undoped
GaAs 0.00 1.8 nm Undoped
Grading AlxGaixAs 0.20 —» 0.60  0.16 um Undoped
AlxGai-xAs 0.60 0.10 um  Si: 10 cm
Grading AlxGaixAs 0.60 —0.30  0.02um  Si: 10 cm
AlxGai-xAs 0.30 0.22 um  Si: 10 cm
Grading AlxGaixAs 030 —0.45  0.0lpm  Si: 107 cm3
AlxGai-xAs 0.45 0.70 um  Si : 5x10Y7cm’®
AlxGai-xAs 0.45 2.00 um  Si:10%cm3

n* GaAs substrate

Standard device processing techniques were
applied to fabricate the 4 um wide stripe devices. The
p-ohmic contact was obtained by evaporating Au on
the top p™™ GaAs contact layer. The contact was
unannealed in order to prevent optical attenuation due
to radiation scattering at the Au/p**/GaAs interface.
Photocurrent (PC) measurements were performed at
room temperature. In the photocurrent experiment
light from tungsten filament lamp is spectrally
resolved through a monochromator before being
focussed on the sample. The light produces an excess
of free carrier in the sample. The effect of an external
electric field on the photocurrent can also be
measured by varying the applied bias .

3 Results and Discussion
3.1 X-ray diffraction

Double crystal X-ray diffraction (DCXRD) is a
non-destructive technique widely used in the analysis
of material structure and is particular useful in
determining the layer thickness, composition, and
strain of epitaxial structures. In addition to this, the X-
ray diffraction method is in principle a very accurate
and powerful tool when used to extract the lattice
constant and its contraction/expansion relative to the
substrate. It relies on modeling the data using both the
layer thickness and its lattice constant. It can easily
resolve a value of a lattice contraction Aa/a=10" if the
layer is fully strained and if the layer is thick enough
(thicker than about 0.3 um). In this study, the XRD
was used to gauge the strain profile introduced into
epilayers as a result of the high carbon doping
concentration in the layer.

Figure 1 depicts the X-ray rocking curve for
C-InGaAs/InGaAs QWs before and after annealing at
temperature of 900 °C and 925 °C as well as
simulation results. As shown in this figure, the
features appearing on the left hand side of the main
GaAs peak are related to the AlGaAs layers. While an
additional small peak on the right hand side are
related to the tensile strain caused by the
incorporation of the smaller C atoms in the highly
doped p** GaAs contact layer. Annealing the samples
at 900 °C or 925 °C makes the tensile peak more
pronounced when compared with the as-grown
sample indicating that a tensile component emerges in
the laser structures. It is well known that only carbon
incorporated in an As lattice site Cas is electrically
active. The substitution of the arsenic site causes
contraction if the carrier concentration is larger than
10'° cm3, due to a smaller covalent radius of carbon
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Fig. 1 — X-ray spectra of C-doped InGaAs/AlGaAs laser
structures for as-grown and annealed samples at 900 °C and
925 °C for 60 s as well as simulation results

(0.77 A) compared®®*® to As (1.20 A) or Ga (1.26 A).
This lattice contraction can be easily monitored using
DCXRD in InGaAs/AlGaAs/GaAs structures because
all other layers are under compressive strain.

A simulation of the X-ray curve for annealed
samples is also displayed in Fig. 1 which is consistent
with the experimental results. For simulation results,
we assume that the lattice site of GaAs incorporated
with C atoms is acaas: C = (1-500x10°) x agaas and
the thickness of GaAs layer is 0.10 um. The simulation
of the X-ray rocking curve indicates a layer of slight
strain for the as-grown sample, with an average
contraction of Aa/a = 412x10° For the annealed
sample the lattice contraction is Aa/a = 520x10%,
corresponding to a 26 % increase in lattice contraction.

3.2 Thermal stability of InGaAs/AlGaAs

For interdiffusion application, the laser structures
are required to be annealed at high temperature to
initiate the interdiffusion between the quantum well
and barrier region. However, the high annealing
temperature required for intermixing could affect the
physical properties of the samples which could have
detrimental effects on laser diodes performance.
Thereby, it is essential to study the thermal stability of
the samples prior to fabricating the devices. For this
purpose, the samples were annealed at various
temperatures in the range of 875 °C — 925 °C to
investigate the effect of thermal stability of the QW
structures.

Figure 2 shows the low temperature PL spectra of
InGaAs/AlGaAs QWs samples doped with carbon
before and after annealing for 60 s at various
temperatures ranging from 875 °C to 925 °C. The
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Fig. 2 — Low temperature (77 K) photoluminescence spectra of
C-doped InGaAs/AlGaAs laser structures before and after
annealing at 875 °C, 900 °C, and 925 °C for 60 s, respectively

emission peak at 903 nm originates from the quantum
well region. A small blue shift was observed after
annealing at 875 °C and 900 °C, while the PL
intensities and PL linewidth were comparable to the
as-grown samples. This indicates that only very little
interdiffusion had occurred at these temperatures and
the quality of the structures was preserved. At 925 °C,
the PL intensity decreased and was accompanied by a
relatively large wavelength shift and slight
broadening of the linewidth. In addition to this, a
smaller shoulder at 896 nm and a relatively broad
peak at 942 nm were observed after annealing at 925
°C. These peaks are attributed to radiative transitions
from point defects which are thermally generated
during annealing. Therefore, based on this study of
the dependence of thermal interdiffusion, annealing
the sample at 900 °C for 60 s was chosen for
subsequent experiment.

3.3 Photocurrent and lasing

In the case of photocurrent measurements, light
from a tungsten filament lamp is spectrally resolved
through a monochromator before being focused on the
samples. The light produces an excess of free carriers
in the sample. These free carriers move in response to
local fields and an applied reverse bias, resulting in a
photocurrent through an external circuit. The effect of
an external electric field on the photocurrent can also
be measured by varying the applied bias.

Figure 3(a) shows the photocurrent spectrum of as-
grown laser diode at zero bias. As can be seen from this
figure, two peaks are observed. One peak at 957 nm
corresponds to the photogenerated carriers due to
electron-heavy hole transition (1e-1hh). The other peak
observed at 916 nm is attributed to the photogenerated
carriers due to electron-light hole transition (1e-1lh). The
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Fig. 3 — (a) Photocurrent spectrum of C-doped samples with
4 pm stripe and the diode length at approximately 1.5 mm. Room
temperature photoluminescence spectrum of the as-grown samples
is also shown for comparison and (b) photocurrent spectra of the
C-doped as-grown sample and after annealing at 900 °C for 60 s

photoluminescence spectrum from as-grown sample is
also shown for comparison. The photoluminescence
peak is at 957 nm which is similar to the one obtained
from the photocurrent spectra®.

The room temperature photocurrent spectra of as-
grown and annealed C-doped InGaAs/AlGaAs laser at
zero bias are displayed in Fig. 3(b). After annealing,
the quantum well peak emerges at 925 nm, blue shift
by 33 nm from the as-grown sample. In addition, the
relative intensity of the electron heavy-hole (le-1hh)
transitions of annealed samples is much higher than
that of as-grown samples and the peak becomes
narrower. This suggests the quality of the quantum well
active region improves after annealing. In addition, the
intermixing could also leads to an increase of the
oscillator strength of the le-lhh transition and a
shallower confining potential for electrons and holes.

Figure 4 displays the room temperature
photocurrent spectra at various applied reverse bias of
the samples before and after annealing. The
probability of a photogenerated charge carrier
escaping a quantum well and contributing to
photocurrent increases with increasing applied bias.
This was reflected in the observed photocurrent of the
unannealed samples where the photocurrent became
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Fig. 4 — Photocurrent spectra of laser diodes at room temperature
with various biases for the (a) as-grown and (b) after annealing at
900 °C for 60 s

saturated. Also, it is worth noting that the
photogenerated carriers due to le-1lh transition were
not much affected by the applied bias. In the case of
annealed samples, the saturation of the photocurrent
was seen when the bias at around —1.5 to —6 V. In this
regime, the relative differences in the photocurrent
intensities at different wavelength was obviously seen
and these corresponded to a difference in absoption
strength of different transitions. For both as-grown
samples and annealed samples, the (1le-1lhh)
photocurrent peak progressively red shifted with
increasing applied bias which was attributed to the
guantum confined Stark effect.

The Stark shift of as-grown samples and annealed
samples at 900 °C for 60 s as a function of applied bias
in both heavy-hole and electron light hole transition are
shown in Fig. 5. As can be seen from this figure, the
Stark shift does not change significantly for le-11h
transition in the as-grown samples compared with the
samples after annealing. In addition to this, the
observed stark shift in 1e-1lh and le-1hh transitions are
much greater for the annealed samples compared with
the as-grown samples. These results indicate that the
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Fig. 5 — (a) le-1lh transitions and (b) le-hh transitions as a
function of applied bias for as-grown samples and after annealing
at 900 °C for 60 s. The solid lines are quadratic function fits

confining potential due to the intermixing effects
decreased after annealing.

The laser diodes were characterized by plotting the
inverse external differential efficiency # and threshold
current as a function of cavity length. The internal
efficiencies » and the optical losses (the internal
absorption coefficient) a are then drawn from the
intercept and the slopes of the graph. Several factors
might affect the internal absorption coefficient such as
the contact and cladding layers, and the free carrier
absorption in highly doped layers. In order to
minimize free carrier absorption, the high doping was
kept away from the active region and the region with
large optical fields.

Figure 6(a) shows a plot of inverse external quantum
efficiency against cavity length before and after
annealing. The internal absorption coefficient a after
annealing is around 2.6 cm® and 2.8 cm? before
annealing with the internal efficiencies are around 99%
for both set of diodes. These results show no significant
degradation of lasing parameters after annealing at 900
°C for 60 s. Figure 6(b) illustrates a plot of the
threshold current against cavity length. It is clearly
observed that the threshold current decreased by
approximately four times after annealing. The
reduction in the lasing threshold current after annealing
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Fig. 6 — Characteristics of laser diodes showing (a) the inverse of
the differential efficiency versus cavity length before and after
annealing, and (b) the threshold current versus diode cavity length

is most likely due to reduction of grown defects and the
activation of the carbon.

4 Conclusions

We have studied the effect of rapid thermal
annealing to interdiffusion of InGaAs/AlGaAs laser
diodes. X-ray measurement shows that there was an
actication of carbon atoms in p** GaAs contact layer.
The photocurrent spectra of the as-grown samples and
annealed samples were saturated at a certain bias
where the peak positions were shifted to a longer
wavelength. The observed red shift of 1e-1lh
photocurrent peak was much greater for annealed
samples compared with the as-grown samples. In
addition to this, the stark shifts were much higher for
the samples after annealing compared with the
as-grown samples. These were attributed to a decrease
of the confining potential due to intermixing effects of
the annealed samples. Based on characteristics
of laser diodes, there was no significant degradation
of lasing parameters after annealing was observed and
it was found that the threshold current decreased by
around four times after annealing. The reduction in
the lasing threshold current after annealing was due to
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the
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activation of the carbon as well as reduction of

grown-in defects.
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