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Abstract- In this paper the authors present a comprehensive
study of the threshold current and its temperature dependence
in novel direct band-gap Ga(NAsP)/GaP QW lasers which
provide a potential route to lattice matched monolithic
integration of long term stable semiconductor lasers on silicon.
It is found that near room temperature, the threshold current is
dominated by nonradiative recombination accounting for ~87%
of the total threshold current density. A strong increase in
threshold current with hydrostatic pressure implies that a
carrier leakage path is the dominant carrier recombination
mechanism.

I.

INTRODUCTION

Silicon photonics has been an active research area in
recent years, with ultimate goal of this rapidly emerging
field being the integration of individual photonic devices [1][8]. A commercial solution for the monolithic integration of
long term stable laser diodes has not been achieved yet,
which is the key device component to finally realize the
optoelectronic integrated circuits (OEICs) and to fully profit
from the concept of silicon photonics [9]. Large lattice
mismatch between the conventional III/V laser materials like
GaAs or InP to silicon leads unavoidably to the formation of
high densities of threading dislocations in the integrated
III/V layer during the epitaxial deposition of laser material
on silicon substrates, which meant any long-term lasing
operation of corresponding device structure. However, it has
been shown that GaP can be grown without dislocations on
silicon due to the relatively small difference in lattice
constant [<0.4% at room temperature] [10]. GaP is itself an
indirect band gap semiconductor, but a Ga(NAsP) alloy with
high As fractions and dilute N fractions (of ~4%) can form a
direct band gap material approximately lattice matched to
GaP and silicon [11]. Hence the realization of a GaP-based
direct band gap semiconductor laser material on a silicon
substrate can provide a realistic route toward monolithic
laser sources for silicon-based OEICs. In this work, we
investigate the temperature dependence and processes that
limit device performance of novel direct band-gap
Ga(NAsP)/GaP quantum well (QW) lasers. Using low
temperature and high pressure techniques we have
investigated the degree to which different carrier
recombination processes govern laser behavior towards the
optimization of lasers design parameters to improve their

performance.
LASER STRUCTURE

II.

The devices in this study were grown by metal organic
vapor phase epitaxy (MOVPE) on a GaP substrate. They
consist of a single 6 nm Ga(N0.04As0.89P0.07) 2.5%
compressively strained quantum well within two undoped
150 nm GaP barrier/separate confinement layers. The GaP
barrier layers are grown at 575 0C (sample A) and 675 0C
(sample B). Optical confinement is provided by 1.8 m thick
Al0.23Ga0.77P cladding layers doped p (Zn: 7x1018 cm3) and
n (Te: 2x1018 cm3) forming the diode junction. The device
stripes (50 and 100 m wide) were defined using regular
masks and standard contacts were formed by deposition. The
devices were measured as-cleaved with cavity length of
1000 m.
III.

EXPERIMENTS

Temperature dependence measurements over the range of
60–280K were performed with a standard closed cycle
cryostat set-up. Hydrostatic pressure measurements over the
range 0–8.5 kbar were performed using a gas compressor
system. Carrier recombination mechanisms are influenced by
the band structure. Conventional methods to change the band
structure to investigate the recombination mechanisms,
involve growing a series of devices with a range of active
region alloy compositions. The high costs involved with
growing a lot of wafers, the difficulty in keeping doping
densities and layer thicknesses identical mean this method
can be unreliable. By using high hydrostatic pressure to
reversibly alter the band-structure of one device, the
recombination mechanisms can be quickly and easily
resolved. The application of high hydrostatic pressure causes
an increase in the direct band gap, mimicking the effect of
alloying thereby allowing one to investigate wavelength
dependent properties of semiconductor lasers. Furthermore,
due to the different pressure coefficients of the layers it can
also be used to alter the alignment between direct () and
indirect (X, L) bands and to alter the band offsets between
layers of differing composition [12]. In order to quantify the
different carrier recombination processes, we also measured
the pure spontaneous emission from the lasers. Since the

TEMPERATURE DEPENDENCE

The threshold current density (Jth) of device B (device A)
is ~3.2 kAcm-2 (~5.5 kAcm-2) with a lasing wavelength ~968
nm (~954nm) at 280K, which is significantly improved than
previously obtained values of ~42 kAcm-2 with a lasing
wavelength of ~942 nm at 278K for Ga(NasP)/GaP QW
lasers [14]. However, our measured value of Jth is larger than
more established GaAs-based lasers, which operate at
similar wavelengths for which Jth/QW ~100–200 Acm-2 [15],
[16], the cause of which became the focus of our
investigations.
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IV.

addition to having a lower absolute Jth, device B has a
slightly higher Jrad/Jth than in device A. To further probe this,
high pressure techniques were utilized.

Current density
(normalized at 60K)

light emitted from the facets is strongly influenced by
gain/loss as the optical field propagates along the cavity, we
instead measure the light emitted in a perpendicular
direction. To do this we milled a window in the n-side of the
devices using a focused ion beam and aligned an optical
fibre with the window to collect the spontaneous emission
where the coupling efficiency is kept constant. This
experiment was performed as a function of temperature.
Further details of this technique are described elsewhere
[13].

1.6

The threshold current of a semiconductor laser is the point
at which the gain equals all of the losses in the device and
above this current efficient stimulated emission dominates. It
is therefore desirable to have a low (ideally zero) and
temperature independent threshold current [17]. Figure-1a
shows the normalized (at T=60K) temperature dependence
of the Jth. The characteristic temperature (T0) is the measure
of temperature stability of threshold current and can be
derived from the relation:
1

d ln( J th )

T0

dT

(1)

From figure-1a, we find that the T0 (derived from
equation-1) on device B (device A) to be  108K (107K) at
200K, which drops to  54K (47K) at 280K, suggesting a
thermally activated recombination process is becoming
dominant at higher temperature in these devices. T0 (at
280K) in device B is approximately the same as that of
conventional InGaAsP/InP devices (typically ~50-60K near
room temperature) and higher (~52K) than that for device A
(~47K) over a temperature range of 200-280K, which is also
consistent with the reduced Jth of device B than that of
device A. Figure-1a also shows the temperature dependence
of the radiative current density, Jrad, found from the pinning
level of the integrated spontaneous emission has almost ideal
QW linear temperature dependence (Figure-1b) leading to
the conclusion that the loss mechanisms must increase
superlinearly with increasing temperature. From the
measured Jth and Jrad (in Figure-1a), for device B we estimate
that the relative ratio of the radiative and non-radiative
currents at Jth are ~13% and ~87%, respectively, at 280K,
compared with ~9% and ~91% for devices A at the same
temperature. Thus, a non-radiative recombination process
dominates Jth at room temperature. It can also be seen that in
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Fig. 1. (a) Normalised (at T=60K) temperature dependence of Jth. (b)
Temperature dependence of Jrad, has almost ideal QW linear temperature
dependence.

V.

PRESSURE DEPENDENCE

Light-current characteristics were measured at 80K and
220K for pressures 0-7kbar, and corresponding threshold
current (Ith) values were determined in the normal way.
Lasing wavelengths ( O ) with pressure were measured at
1.1Ith. Figure-2 shows the measured room temperature
pressure dependence of Jth. Also shown is the ideal expected
variation of J radD Eg2 [18], where Eg is the bandgap (taken
from Eg hc / O ). Jth and Jrad have been normalized to their
respective values at atmospheric pressure. The pressure coefficient of the band gap for device B (device A) is ~5.1
meV/kbar (~4.2 meV/kbar). It can be clearly seen that the
threshold current increases with pressure much faster than
Jrad, which confirms that the lasers are not operating in a
radiatively dominated regime. The threshold current of
device B (device A) is increased by ~50% (~31%) and
~100% (56%) up to 7 kbar at 80K and 220K respectively.
The rapid increase in threshold current may indicate the
presence of carrier leakage, where the leakage activation

energy, 'E (the energy required for carriers to escape from
the QW) reduces with increasing pressure. The pressure (P)
dependence of the leakage current, Jleak, can be written as
[19]:
§ d 'E P ·
Jleak ( P) Jleak (0)exp ¨ 
¸
© dP kbT ¹

(2)

where kb is the Boltzman’s constant. If the leakage current
competes against radiative recombination, and assuming
negligible defect recombination, the pressure dependence of
the Jth can be related to the relative changes of rate of
radiative recombination and the rate of carrier leakage such
as:
J th ( P )
J ( P)
J ( P)
(3)
k rad rad
 (1  k rad ) leak
J th (0)
J rad (0)
J leak (0)
where krad

J rad / J th , the portion of carriers undergoing
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Fig. 2. Pressure dependence of threshold current density. Also shown is the
ideal expected variation of radiative current with pressure.

From the ratio of J rad / J th in figure-2a, the minimum
fraction of leakage in the device B (device A) is ~9%
(~11%) and ~87% (~91%) at 80K and 220K respectively.
We can use equations-2 and 3 to calculate the rate of change
of the leakage activation energy ( d 'E / dP ) with pressure.
The increase in threshold current with pressure is equated to
the leakage current and then fitted to equation-2 to
find d 'E / dP . We find that d 'E / dP for device B (device
A) is -0.47 (-0.3) meV/kbar and -2.5 (-1.6) meV/kbar at 80K
and 220K respectively. This may indicated that the leakage
path involves defect states in these devices. The lower rate of
increase in threshold current with pressure in device A
compared to device B may indicate the stronger presence of
a leakage path which has only weak dependence on pressure,
such as localized defects in or at the QW interface. A further
quantitative study of radiative, leakage and defect related
recombination processes in these devices is still in progress.

VI.

CONCLUSIONS

From our studies of Ga(NAsP)/GaP QW lasers, we find
that near room temperature the threshold current is
dominated by nonradiative recombination. The nonradiative
process is also responsible for the poor temperature
sensitivity of the devices resulting in low T0 values near
room temperature. From our pressure dependence
measurements, we observe that the threshold current
increases with pressure, consistent with the carrier leakage
path which may involves localized defect states in these
devices. If these leakage paths can be reduced, the growth of
a direct band-gap material on GaP and eventually silicon
substrate may lead to fully lattice matched silicon based
OEICs operating at room temperature.
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