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Microsecond carrier lifetimes in InGaAsP quantum wells emitting
at lÄ1.5 mm
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Time-resolved photoluminescence measurements of an undoped InGaAsP multiple-quantum-well
heterostructure at excess carrier densities between 1014 and 1016 cm23 reveal unexpectedly long
carrier lifetimes, in excess of 2ms. By fitting the appropriate rate equation parameters to our results,
we establish that radiative recombination is the dominant relaxation process, and show that
nonradiative recombination is much less pronounced than in similar quantum-well structures
measured previously. ©2002 American Institute of Physics.@DOI: 10.1063/1.1459490#
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InGaAsP heterostructures, with band gaps tunable in
wavelength range 1.1mm,l,1.6mm, are of great interes
in many areas of optoelectronics. In optical fiber-based t
communications, their carrier recombination properties
important for determining their suitability for use in opto
electronics devices. For example, lasers and detectors re
long lifetimes for high efficiency, and modulators requi
short lifetimes for high speed switching. It is desirable th
nonradiative processes are weak in pure material, prefer
to the degree whereby other recombination processes d
nate, since nonradiative recombination rates can be incre
by the deliberate introduction of defects. Long carrier lif
times are also desirable in InGaAsP photovoltaics, for
development of high efficiency multijunction solar ce
which make maximum use of the solar spectrum.

A large amount of work has been carried out investig
ing carrier relaxation in the InGaAsP material system at h
injected carrier densities (n.1018 cm23),1–4 typically re-
vealing subnanosecond lifetimes which are attributable
Auger and radiative processes. In the intermediate rang
carrier densities (1016 cm23,n,1018 cm23), InGaAs
quantum-well~QW! structures have tended to exhibit mino
ity carrier lifetimes which are limited to a few tens of nan
seconds by nonradiative Shockley–Read–Hall~SRH! pro-
cesses associated with barrier or interface defect state5–7

while thicker layer InGaAsP double heterojunctions~DHs!
have displayed radiative-dominated recombination.8,9 More
recently, Ahrenkielet al.10 have shown that the low densit
limit in which SRH processes dominate free carrier reco
bination can occur as low asn'1014 cm23 in undoped
InGaAs/InP DHs, resulting in minority carrier lifetimes a
long as 15ms.

a!Electronic mail: J.M.Smith@hw.ac.uk
b!Present address: Terahertz Photonics Ltd, Livingston EH54 7EJ, UK.
c!Present address: Bookham Technology Caswell, Towcester NN12 8
UK.
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In this letter, we report time-resolved photoluminescen
~TRPL! measurements of an undoped InGaAsP multiple-Q
~MQW! structure with a peak luminescence wavelength
1525 nm, at injected carrier densities between 1014 and
1016 cm23. In previous studies of this sample,11 transient
grating experiments determined the intrawell ambipolar d
fusion coefficient. Here, we find good agreement with t
previous measurements, and observe carrier lifetimes in
cess of 2ms, dominated by radiative recombination. The
are the longest carrier lifetimes yet recorded for any undo
QW structure.

The sample was grown lattice matched onto ann-type
InP substrate, by metalorganic vapor phase epitaxy. I
comprised of a MQW structure, with 60 periods of 10 n
thick In0.57Ga0.43As0.93P0.07 QWs and 7 nm thick
In0.87Ga0.13As0.29P0.71 barriers, sandwiched between a 50
nm InP buffer and a 250 nm InP capping layer.

TRPL was carried out by gated-mode single phot
counting with an InGaAs/InP single-photon avalanche dio
~SPAD! cooled to 120 K. The apparatus is a modification
a time-correlated single-photon counting instrument dev
oped recently.12 Optical excitation was provided using
gain-switched distributed feedback laser emitting pulses o
ns duration and 13 pJ energy, at a wavelength of 1.3mm. For
the measurements over time ranges.2 ms, the time-resolved
signal was obtained by a box-car method, stepping the d
of a short SPAD gate~from a Hewlett Packard HP81110A
pulse generator! relative to the excitation pulse, and measu
ing the count rate with a Stanford Research SR400 pho
counter. This latter arrangement has an overall temp
resolution of;50 ns.

The sample was mounted in a liquid nitrogen-cool
continuous flow cryostat, and its surface was imaged usin
Hamamatsu C1000 infrared vidicon and a frame grabb
The optical excitation spot diameters were fitted to a Gau
ian beam profile taking into account the nonlinear respo
of the vidicon. Luminescence from a sample area 10mm in
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diameter at the center of the excitation area was collec
and focused into a 1550 nm single mode optical fib
coupled to the SPAD pigtail.

Figure 1 shows the room temperature TRPL decay of
heterostructure for excitation diameters,fex, between 102
and 442mm, the latter being the upper limit achievable usi
this apparatus. The peak sheet density of excess car
Dn0 , excited by the 13 pJ optical pulses varies, as a resu
this spot size adjustment, between 9.93109 cm22 and 5.3
3108 cm22, assuming an absorption coefficient
104 cm21.

Also shown in Fig. 1 are the best fits of luminescen
intensity versus time, calculated using the rate equation

]~Dn!

]t
52ADn2

2B

w
~nd1Dn!Dn2D¹2~Dn!, ~1!

whereDn is the sheet excess carrier density,A is the com-
bined nonradiative recombination coefficient,B is the bulk
radiative recombination coefficient,w is the quantum well
width, nd is the background donor concentration, andD is
the ambipolar carrier diffusion coefficient. Implicit in th
second term is the approximation that the electron–h
overlap integral normal to the layers is equal to unity, a
that the average carrier spacing in this dimension isw/2.
Auger recombination can safely be neglected for such w
excitation.2

The luminescence decays are not single exponent
and vary considerably for the different excitation spot dia
eters. The time taken for the luminescence intensity to fal
1/e of its initial value varies from;2.6 ms for the largest
excitation diameter,fex, to ;0.6 ms for the smallest.

In the limit of largefex, diffusion will be negligible and
the excitation carrier density small. Monomolecular dec
will dominate through linear radiative or nonradiative pr
cesses, which are independent offex. The significant differ-
ence between the data for the two largestfex in Fig. 1 indi-
cates that this limit has not been reached, and therefore,
diffusion and/or bimolecular radiative recombination are s
nificant even atfex5442mm. Decreasing the excitation d

FIG. 1. TRPL for the InGaAsP MQW structure at 300 K, measured us
different excitation spot diametersfex and constant excitation energy pe
pulse. Thefex are 1/e2 values measured by fitting a Gaussian profile to
imaged excitation, and the area from which photoluminescence is colle
is ;10 mm diameter at the center of the excitation area in each case.
shown are the theoretical decay curves corresponding to thesefex values,
fitted using the rate Eq.~1!.
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ameter increases the initial decay rate due to both an
creased rate of diffusion of carriers out of the detection ar
and the increasingly bimolecular nature of the radiative p
cess with increasingDn0 . The fitted curves in Fig. 1 show
excellent agreement throughout the range offex, corre-
sponding to parameter valuesB510210 cm3 s21 and D
56 cm2 s21. The value ofB is in good agreement with thos
found in Refs. 2 and 4, whileD is close to the value of 7.2
cm2 s21 measured for this sample using the transient grat
technique in Ref. 9. The combined linear recombination r
corresponding to these fits is

A12Bnd /w523105 s21. ~2!

Without measuring the background donor densitynd ,
Eq. ~2! allows us to state with confidence only thatA,2
3105 s21. We can estimatend from photoluminescence
data, by measuring the dependence of the peak luminesc
intensityI 0 on the initial injected carrier densityDn0 ~varied
by attenuating the excitation pulses!. This relationship is
shown in Fig. 2, with fex5125mm giving Dn051.2
31010 cm22 for unattenuated excitation. Since only the in
tial luminescence intensity is measured, the form of the d
is described by the second term of Eq.~1! ~replacingDn with
Dn0!, and can thus be fitted by a quadratic expression.
fitted curve is included in Fig. 2, the quadratic coefficients
which indicate thatnd'43109 cm22. The error attributable
to this value of the background carrier density is large due
the crudeness of the method employed, and it should only
taken as a guide. We note that with such a value fornd the
second term in Eq.~2! is comparable with the total linea
recombination rate, and so the contribution from SRH
combination is likely to be considerably smaller than t
upper limit derived earlier. Even with the largest excitati
areas used, therefore, the recombination appears to be
dominantly radiative.

Further evidence for this attribution is provided with th
temperature dependence of the photoluminescence de
show in Fig. 3. The decay lifetime is seen to decrease
nificantly between 300 and 100 K, and can be accounted
by including in our model a linear temperature depende
for B of 23.5310212 cm3 s21 K21. This value is in good

g

ed
o

FIG. 2. Dependence of the~temporal! peak photoluminescence intensityI 0

on the injected carrier densityDn0 . The best quadratic fit, suggested by th
expressionI 0a(nd1Dn0)Dn0 , is also shown. The ratio of the linear an
quadratic coefficients of the fit lead to a value of the background dop
concentrationnd'43109 cm22.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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agreement with previous measurements of this paramet
In0.53Ga0.47As.13 Further spot-size dependent measureme
at 100 K ~not shown! indicate that the diffusion coefficien
varies little with temperature, and we thus conclude that
reduced lifetime at low temperature results primarily fro
the increase inB.

There are two effects that we have not considered in
aforementioned analysis, which can serve to artificially
crease the observed carrier lifetime. The first, photon re
cling, has the effect of artificially increasing the diffusio
coefficient by an additive termDr and the radiative lifetime
by a multiplicative factor w.14 We estimate thatDr

;0.1 cm2 s21, andw,2 in this MQW structure, so that th
only significance to the analysis presented here would be
we have underestimatedB by a factor of two at most. Note
that our argument regarding SRH processes remains u
fected. The second effect, namely capture and re-emissio
carriers by deep levels, can be rejected as a possible i
ence since its signature is a decay time constant that
creases with reduced temperature, inconsistent with our
servations.

The longest lifetime observed previously in a comp
rable structure is 60 ns by Fanceyet al.,7 in an InGaAs/
InGaAsP MQW. In that study, injected carrier densities
;1017 cm23 were used, and so their measured lifetime is
far from the predicted radiative value, given by (BDn)21, of
;100 ns. It may then be worth noting that the two structu
exhibiting the longest lifetimes to date have incorpora
quaternary barriers.

An interesting comparison can be made here with Ga
MQW structures, in which increased rates of monotonic

FIG. 3. Temperature dependence of the TRPL characteristics with a 300mm
excitation spot diameter. The reduced lifetime at lowered temperatur
consistent with a radiative recombination temperature coefficient
dB/dT523.5310212 cm3 s21 K21.
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combination in narrower QWs implies the dominance
SRH recombination through centers either at the interfa
or in the barriers themselves. This SRH dominance does
appear to be the case in InGaAsP MQWs, although a st
of the dependence of carrier lifetime on QW width has yet
be undertaken. The apparently lower SRH contribution
InGaAsP appears despite the fact that interfaces are tho
to be rougher than in GaAs MQWs, a hypothesis borne
by comparison of hole diffusion coefficients in the tw
MQW systems.11

We have used photon counting TRPL to measure car
lifetimes in an InGaAsP MQW structure at excess carr
densities below 231016 cm23. Our results indicate that re
combination is dominated by the radiative process, and
upper limit of 23105 s21 is placed on the nonradiative re
combination coefficient. A lifetime of 2.6ms is observed
when diffusion effects are minimized. With lifetimes in th
microseconds regime, InGaAsP QW structures are extrem
attractive for devices which require high radiative or pho
detection efficiency.
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