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The band gap dependencies of the threshold current and its radiative component are measured using
high pressure techniques. Detailed theoretical calculations show that the band gap dependence of the
internal losses plays a significant role in the band gap dependence of the radiative current.
Temperature dependence measurements show that the radiative current accounts for 20% of the total
threshold current at room temperature. This allows us to determine the pressure dependence of the
non-radiative Auger recombination current, and hence to experimentally obtain the variation of the
Auger coefficient C with band gap. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2722041�

The relative importance of different carrier recombina-
tion processes occurring in semiconductor diode lasers is
strongly dependent on the band structure, material quality
and laser geometry �e.g., cavity length, facet coatings, etc.�.
While a small amount of radiative recombination via spon-
taneous emission is desirable �to seed the stimulated emis-
sion process�, other nonradiative recombination paths may
contribute to the laser threshold current and are detrimental
to the performance of the devices. For InGaAs�P� / InP de-
vices operating over the telecommunications range
�1.3–1.6 �m�, it is known that Auger recombination plays
an important role and is responsible for their high tempera-
ture sensitivity1–4. In order to understand these limiting pro-
cesses and consequently to improve the performance of the
devices, it is necessary to separate the contribution of the
different recombination current paths.1–6 Hydrostatic pres-
sure is an ideal tool to investigate the current paths and their
variation with band gap, and hence operating wavelength. In
long wavelength semiconductor multiple quantum well la-
sers where leakage currents are small, it has been shown1,5

that the threshold current Ith can be written as the sum of
monomolecular ��n�, radiative ��n2�, and Auger ��n3� re-
combination currents, where n is the carrier density at thresh-
old �assuming that the hole and electron densities are equal�.
Thus Ith=eV�An+Bn2+Cn3� where e is the electronic
charge, V is the volume of the active region, and A, B, and C
are the monomolecular, radiative, and Auger recombination
coefficients, respectively. Good growth quality means that
the monomolecular current is negligible in the InGaAs de-
vices studied here.1,5 The relative magnitudes of the remain-
ing radiative and nonradiative currents have been experimen-
tally studied via temperature and high pressure
measurements.1,5 Previous analyses were based on the theo-
retical assumption that for an ideal quantum well laser, the
radiative current is proportional to the square of the band
gap: Irad�Eg

2, where Eg is the band gap7 although this had not
been experimentally verified at room temperature. The pres-
sure dependence of the radiative current has already been
verified at low temperatures using a helium gas pressure

system.8 Since at cryogenic temperatures �T�120 K� all of
the injected carriers are involved in radiative recombination,
Irad is obtained directly by measuring the threshold current.
In the work presented here, the band gap dependence of the
radiative current is experimentally studied at room tempera-
ture where nonradiative recombination also occurs. In this
experiment, the radiative current is determined by collecting
the spontaneous emission emitted from a window milled in
the n-side substrate of the laser using an optical fiber. This
ensures that one is measuring pure spontaneous emission in-
dependent of the effects of gain and loss along the cavity.5

The spontaneous emission is analyzed using an optical spec-
trum analyzer to ensure that we are collecting pure sponta-
neous emission �as evident from the shape of the spectra�.
The amount of spontaneously emitted light is determined by
integrating the spectra at each current. The variation of the
radiative current at threshold is determined from the pinning
level of the integrated spontaneous emission.5 The facet
emission light-current characteristic was also measured with
a broad area germanium detector. The devices were posi-
tioned in a spring clip in a piston-in-cylinder high pressure
system as described elsewhere.9 The lasers were driven by a
pulsed source with 500-ns-long pulses at a repetition rate of
10 kHz to avoid internal heating. A set of 1.5-mm-long as-
cleaved InGaAs/ InP laser diodes emitting at 1.5 �m was
investigated. Their active region consists of four InGaAs
0.6% compressively strained quantum wells surrounded by
unstrained InGaAsP barriers. The 100-�m-diameter circular
substrate windows were milled by a Focused Ion Beam. The
threshold current densities of the devices ��900 A cm−2�,
measured before and after milling, were the same within ex-
perimental error and hence we are confident that the milling
did not influence the lasing properties.

The results of the pressure measurements are shown in
Fig. 1. The threshold current Ith decreases by �23% over a
range of 8 kbars �shown by the full squares�, while Irad at
threshold increases by �10% �open circles�. Also shown is
the expected band gap dependence of the radiative current as
predicted by simple theory, for which Irad�Eg

2.7 It can be
seen that the measured radiative current increases less than
the simple Eg

2 model. To replace this simple model, a more
rigorous calculation of the radiative current was undertaken.a�Electronic mail: s.sweeney@surrey.ac.uk
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To calculate Irad as a function of pressure, a six-band k · p
Hamiltonian was used to determine the quantum well �QW�
band structure, taking into account the changes in the effec-
tive masses and band gaps as a function of pressure. Pois-
son’s and Schrödinger’s equations were solved self-
consistently in the calculation of both the conduction and
valence bands under injection. A five-point difference
method was used to account for carrier spill-over into the
barrier and separate-confinement regions. The spontaneous
emission rate, gain, and radiative current density were calcu-
lated from these band structures for single QWs using the
density matrix formulation including Lorentzian-type broad-
ening. Further details of the modeling can be found in Ref.
10. As pressure is applied to the lasers, the wavelength de-
creases by �114 nm over 8 kbars. This leads to a narrowing
of the optical field while the dimensions of the active region
remain approximately constant. The corresponding pressure-
induced variation of the optical confinement factor � �the
overlap of the optical field with the quantum wells� was ac-
counted for using the effective index method.10 We find that
when all these changes with pressure are included the agree-
ment with the experimental Irad�P� is poor �dashed line in
Fig. 2�, suggesting that yet another factor should be taken
into account. In earlier work, we showed that the internal
loss at room temperature and atmospheric pressure �0 of
these 1.5 �m lasers is 10 cm−1.5 Including this as a pressure

independent loss results in the dotted line in Fig. 2. While
this offers better agreement it still overestimates the rate of
increase of radiative current with pressure. The origin of the
internal loss in lasers operating at these wavelengths is due
to intervalence band absorption11 whereby a photon is ab-
sorbed by an electron in the spin-orbit band which is excited
to the highest �heavy hole� valence band. While the photon
energy increases with pressure, the spin orbit splitting re-
mains relatively constant.12 Thus, with increasing pressure,
in order to satisfy the conservation of energy, the transitions
involved in intervalence band absorption move away from
the Brillouin zone center where the hole occupation becomes
less, therefore reducing the intervalence band absorption
rate. To take this into account, to first approximation we
assume that the intervalence band absorption loss �i varies
linearly with pressure as �i=�0−�P, where P is the pressure
in kilobars and � is a constant equal to the rate of change in
loss with pressure. Over the studied pressure range, we find
best agreement with the experimental data for �
=0.5 cm−1 kbar−1, as shown by the solid line in Fig. 2. This
therefore suggests that the intervalence band absorption loss
reduces by �40% over 8 kbars.

The fact that the radiative current increases with pressure
while the threshold current decreases with pressure confirms
that there is a strong nonradiative Auger current path present
which decreases with increasing pressure. Temperature mea-
surements show that Irad forms 20% of the threshold current
at room temperature in these devices with the remaining 80%
due to Auger recombination.1,2,5 This result together with our
pressure dependence data allows us to experimentally deter-
mine the band gap dependence of the Auger current IAug
�Fig. 1�. It is shown in Ref. 13 that the Auger process known
as CHSH �where the energy of a C� onduction band electron
recombining with a hole in the H� eavy hole band is given to
a third hole in the H� eavy hole band which is excited into the
S� pin split-off band� dominates in these devices. We may
therefore calculate the pressure �band gap� variation of the
Auger coefficient given by C= IAug/eVpth

2 nth for the CHSH
Auger process using the calculated pressure dependencies of
the electron and hole densities at threshold �nth and pth, re-
spectively�. This is shown in Fig. 3 �where V is taken to be
the total pumped volume of the quantum wells�. At atmo-

FIG. 1. Experimental variation of the threshold radiative and nonradiative
currents at threshold as a function of pressure. The solid line shows the
variation of Eg

2.

FIG. 2. �Color online� Comparison between normalized experimental data
and the calculated radiative current.

FIG. 3. �Color online� Band gap dependence of the Auger recombination
coefficient C. The inset shows the extrapolated value of C to wider band
gaps �note the logarithmic scale�.
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spheric pressure, C is found to be �1.57�10−29 cm6 s−1,
decreasing exponentially with increasing band gap. Based on
this, C can be extrapolated to wider band gaps �inset, Fig. 3�,
where, for example, it is found to be 50% less at Eg
=954 meV ��=1.3 �m� compared to C at 1.5 �m. Our val-
ues are consistent with typical values reported in the
literature14 and with measurements on 1.3 �m lasers for
which IAug�50% Ith at room temperature and atmospheric
pressure.5

To conclude, we have experimentally measured the pres-
sure dependence of the radiative current in 1.5 �m
InGaAs/ InP quantum well laser diodes. We find that the
simple model given by Irad�Eg

2 is insufficient to describe the
experimental data. However, good agreement was found us-
ing a full band-structure calculation if the pressure depen-
dence of the optical confinement factor and internal losses is
taken into account. Our calculations show that the decrease
in the internal losses due to reduced intervalence band ab-
sorption plays a significant role in reducing the pressure de-
pendence of the radiative current. Based on our measure-
ments we are able to experimentally determine the band gap
dependence of the Auger current and the Auger coefficient C.

The authors would like to thank Igor Marko for assis-
tance with the experiments.
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