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Microsecond carrier lifetimes in InGaAsP quantum wells emitting
at A=1.5 pum
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Time-resolved photoluminescence measurements of an undoped InGaAsP multiple-quantum-well
heterostructure at excess carrier densities betweéhat® 13° cm™2 reveal unexpectedly long
carrier lifetimes, in excess of 2s. 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. @002 American Institute of Physic§DOI: 10.1063/1.1459490

InGaAsP heterostructures, with band gaps tunable in the In this letter, we report time-resolved photoluminescence
wavelength range 1.Am<\<1.6 um, are of great interest (TRPL) measurements of an undoped InGaAsP multiple-QW
in many areas of optoelectronics. In optical fiber-based telefMQW) structure with a peak luminescence wavelength of
communications, their carrier recombination properties ard525 nm, at injected carrier densities betweert*1dnd
important for determining their suitability for use in opto- 10 cm™3. In previous studies of this sampfetransient
electronics devices. For example, lasers and detectors requigeating experiments determined the intrawell ambipolar dif-
long lifetimes for high efficiency, and modulators require fusion coefficient. Here, we find good agreement with the
short lifetimes for high speed switching. It is desirable thatprevious measurements, and observe carrier lifetimes in ex-
nonradiative processes are weak in pure material, preferabgess of 2us, dominated by radiative recombination. These
to the degree whereby other recombination processes dorée the longest carrier lifetimes yet recorded for any undoped
nate, since nonradiative recombination rates can be increas&V structure.
by the deliberate introduction of defects. Long carrier life- ~ The sample was grown lattice matched ontoratype
times are also desirable in InGaAsP photovoltaics, for thdnP substrate, by metalorganic vapor phase epitaxy. It is
development of high efficiency multijunction solar cells comprised of a MQW structure, with 60 periods of 10 nm
which make maximum use of the solar spectrum. thick  Ing5/G& 4ASooF007 QWS and 7 nm  thick

A large amount of work has been carried out investigat-No.s®G&.1#AS0 2.7 barriers, sandwiched between a 500
ing carrier relaxation in the InGaAsP material system at high'™ InP buffer and a 250 nm InP capping layer.
injected carrier densitiesn(>10'® cm~%),2~* typically re- TRPL was carried out by gated-mode single photon
vealing subnanosecond lifetimes which are attributable t&ounting with an InGaAs/InP single-photon avalanche diode

Auger and radiative processes. In the intermediate range ¢PPAD) cooled to 120 K. The apparatus is a modification of
carrier densities (#§cm 3<n<10¥cm %), InGaAs @ time-correlated single-photon counting instrument devel-

oped recently? Optical excitation was provided using a

guantum-well(QW) structures have tended to exhibit minor- “F* i ~F Vit
gain-switched distributed feedback laser emitting pulses of 3

ity carrier lifetimes which are limited to a few tens of nano- )
seconds by nonradiative Shockley—Read—HSRRH) pro- ns duration and 13 pJ energy, at a wavelength ofuhB For

cesses associated with barrier or interface defect States, ("€ measurements over time ranges us, the time-resolved
while thicker layer InGaAsP double heterojunctiofHs) signal was obtained by a box-car method, stepping the delay
have displayed radiative-dominated recombinafi®mMore of a short SPAD ggtéfrom a Hev.vletlt Packard HP81110A
recently, Ahrenkielet alX° have shown that the low density pulse generatgrelative to the excitation pulse, and measur-

limit in which SRH processes dominate free carrier recomNY the CE)I_L;]nt rlate with a Stanford t:zesearch SRﬁOO photor|1
bination can occur as low as~10"cm 2 in undoped counlte_r. f|s 5?)tter arrangement has an overall tempora
InGaAs/InP DHSs, resulting in minority carrier lifetimes as resolution of~30 ns. . S
long as 15us The sample was mounted in a liquid nitrogen-cooled
continuous flow cryostat, and its surface was imaged using a
5 Hamamatsu C1000 infrared vidicon and a frame grabber.
Electronic mail: J.M.Smith@hw.ac.uk ; it ; - _
PPresent address: Terahertz Photonics Ltd, Livingston EH54 7EJ, UK. The optlcal eX.CItatIOI.W Sp_Ot diameters were fltt.ed to a Gauss
dan beam profile taking into account the nonlinear response

9Present address: Bookham Technology Caswell, Towcester NN12 8E o ) >
UK. of the vidicon. Luminescence from a sample aregub in
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FIG. 2. Dependence of thégempora) peak photoluminescence intensity
FIG. 1. TRPL for the InGaAsP MQW structure at 300 K, measured usingon the injected carrier densityn,. The best quadratic fit, suggested by the
different excitation spot diametexs,, and constant excitation energy per expression ga(ng+Ang)Ang, is also shown. The ratio of the linear and

pulse. Theg,, are 1&2 values measured by fitting a Gaussian profile to the quadratic coefficients of the fit lead to a value of the background doping

imaged excitation, and the area from which photoluminescence is collectedoncentratiomgy=~4x 10° cm2.

is ~10 um diameter at the center of the excitation area in each case. Also

shown are the theoretical decay curves corresponding to thgsealues, . o .
fitted using the rate Eq1). ameter increases the initial decay rate due to both an in-

creased rate of diffusion of carriers out of the detection area,

diameter at the center of the excitation area was collecte@nd the increasingly bimolecular nature of the radiative pro-
and focused into a 1550 nm single mode optical fiberc€SS with increasindny. The fitted curves in Fig. 1 show
coupled to the SPAD pigtalil. excellgnt agreement throughout the 1gange¢tg1§<, corre-
Figure 1 shows the room temperature TRPL decay of théPonding 1tO parameter valued=10" cn's” and D
heterostructure for excitation diametets,,, between 102 =6 cnP's *. The value oB is in good agreement with those
and 442um, the latter being the upper limit achievable usingfoun‘ﬂn Refs. 2 and 4, whil® is close to the value of 7.2
this apparatus. The peak sheet density of excess carrie@" S ~ measured for this sample using the transient grating
Ang, excited by the 13 pJ optical pulses varies, as a result dechnique in Ref. 9. The _comblned linear recombination rate
this spot size adjustment, between 9E0° cm 2 and 5.3 corresponding to these fits is
X 10° CQ*Z, assuming an absorption coefficient of A+2Bng/w=2x10° s L. @)
10t em™ L,
Also shown in Fig. 1 are the best fits of luminescence  Without measuring the background donor density,
intensity versus time, calculated using the rate equation  Eq. (2) allows us to state with confidence only thAt 2
a(An) >B x10° s™1. We can estimateny from photoluminescence
= (ng+An)An—DV?2(An), (1) data, by measuring the dependence of the peak luminescence
intensityl 4 on the initial injected carrier densityn, (varied
whereAn is the sheet excess carrier densfyis the com- by attenuating the excitation pulgesThis relationship is
bined nonradiative recombination coefficiet,is the bulk  shown in Fig. 2, with ¢¢=125um giving Ang=1.2
radiative recombination coefficienty is the quantum well X 10'° cm 2 for unattenuated excitation. Since only the ini-
width, ny is the background donor concentration, @bds  tial luminescence intensity is measured, the form of the data
the ambipolar carrier diffusion coefficient. Implicit in the is described by the second term of E®). (replacingAn with
second term is the approximation that the electron—holé\ng), and can thus be fitted by a quadratic expression. The
overlap integral normal to the layers is equal to unity, andfitted curve is included in Fig. 2, the quadratic coefficients of
that the average carrier spacing in this dimensiowig.  which indicate thahy~4x 10° cm~2. The error attributable
Auger recombination can safely be neglected for such weato this value of the background carrier density is large due to
excitation? the crudeness of the method employed, and it should only be
The luminescence decays are not single exponentialsaken as a guide. We note that with such a valuenfpthe
and vary considerably for the different excitation spot diam-second term in Eq(2) is comparable with the total linear
eters. The time taken for the luminescence intensity to fall taecombination rate, and so the contribution from SRH re-
1/e of its initial value varies from~2.6 us for the largest combination is likely to be considerably smaller than the
excitation diameterg,,, to ~0.6 us for the smallest. upper limit derived earlier. Even with the largest excitation
In the limit of large ¢y, diffusion will be negligible and areas used, therefore, the recombination appears to be pre-
the excitation carrier density small. Monomolecular decaydominantly radiative.
will dominate through linear radiative or nonradiative pro- Further evidence for this attribution is provided with the
cesses, which are independentdgf,. The significant differ- temperature dependence of the photoluminescence decays,
ence between the data for the two largest in Fig. 1 indi-  show in Fig. 3. The decay lifetime is seen to decrease sig-
cates that this limit has not been reached, and therefore, thatficantly between 300 and 100 K, and can be accounted for
diffusion and/or bimolecular radiative recombination are sig-by including in our model a linear temperature dependence

nificant even atp.,=442 um. Decreasing the excitation di- for B of —3.5x10 *? cm®s K™, This value is in good
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combination in narrower QWSs implies the dominance of
SRH recombination through centers either at the interfaces
or in the barriers themselves. This SRH dominance does not
appear to be the case in InGaAsP MQWs, although a study
of the dependence of carrier lifetime on QW width has yet to
be undertaken. The apparently lower SRH contribution in
InGaAsP appears despite the fact that interfaces are thought
to be rougher than in GaAs MQWSs, a hypothesis borne out
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m  Box car data by comparison of hole diffusion coefficients in the two

—TCSPC data MQW systems:!
M ----Fits We have used photon counting TRPL to measure carrier

PL Intensity (arbitrary units)

200 400 600 800 1000 lifetimes in an InGaAsP MQW structure at excess carrier
densities below X 10 cm™2. Our results indicate that re-
combination is dominated by the radiative process, and an
FIG. 3. Temperature dependence of the TRPL characteristics with a5800  upper limit of 2x10° s ! is placed on the nonradiative re-
excitation spot diameter. The reduced lifetime at lowered temperature i&.ompination coefficient. A lifetime of 2 Gus is observed
consistent with a radiative recombination temperature coefficient of . . : S p e .
dB/dT= —3.5510 2 cmPs 1K1, when diffusion effects are minimized. With lifetimes in the
microseconds regime, InGaAsP QW structures are extremely

) ) ) attractive for devices which require high radiative or photo-
agreement with previous measurements of this parameter ifetection efficiency.

INo.585a 4AS.2 Further spot-size dependent measurements

at 100 K (not shown indicate that the diffusion coefficient This work was supported by EPSRRefs. GR/L81895

varies little with temperature, and we thus conclude that th@&nd GR/L8712pand the European Commission Framework

reduced lifetime at low temperature results primarily fromFive EQUIS projeci(Ref. IST-1999-11594 One of the au-

the increase irB. thors (J.M.S) would like to thank Mike Robertson and Paul
There are two effects that we have not considered in thdownsend of Corning Research Center, Ipswich, and Peter

aforementioned analysis, which can serve to artificially in-Blood of the University of Wales, Cardiff, for valuable dis-

crease the observed carrier lifetime. The first, photon recyeussions.

C“ng’. has the effect .c.)f artificially mcreasmg t.he _ciﬁgsmn IA. Miller, R. J. Manning, A. M. Fox, and J. H. Marsh, Electron. Le&f,

coefficient by an additive ter®, and the radiative lifetime o1 (1984

by a multiplicative factor ¢.1* We estimate thatD, 2E. Wintner and E. P. Ippen, Appl. Phys. Lett}, 999 (1984.

~0.1cnfs 1, ande<2 in this MQW structure, so that the jA- J. Taylor and J. M. Wiesenfeld, Phys. Rev.3B, 2321(1987.

only significance to the analysis presented here would be tha;;' I’Ev.llEFh?ﬁ’cr?'lf)J.' g?\lng;ggr']’a/':.dé'x;lllfé'rféégf’k:’nhg’eegy“é?;(.1§f‘3{t’ W

we have underestimateslby a factor of two at most. Note  sippett, and M. Hopkinson, Semicond. Sci. Techiol307 (1993.

that our argument regarding SRH processes remains unafG. S. Buller, S. J. Fancey, J. S. Massa, A. C. Walker, S. Cova, and A.

fected. The second effect, namely capture and re-emission o,fga‘gait'fé:c%p'- 8P§*5ézﬁeﬁr(1j’9§- Masea A C. Walker C. 3. Maclean. A

carriers by deep levels, can be rejected as a possible influ-yioe s C)T’Bryllce.,J. H. Marsh, and R. M. De La Rue, J. Appl. Pigs.

ence since its signature is a decay time constant that in-9390(1996.

creases with reduced temperature, inconsistent with our ob®B. Sermage, H. J. Eichler, J. P. Heritage, R. J. Nelson, and N. K. Dutta,
servations. Appl. Phys. Lett.42, 259(1983.

The | t lifeti b d . Vi 9C. H. Henry, B. F. Levine, R. A. Logan, and C. G. Bethea, IEEE J.
e longest liretime observead previously In a compa- Quantum Electron19, 905 (1983.

rable structure is 60 ns by Fanceyal,” in an InGaAs/  °R. k. Ahrenkiel, R. Ellingson, S. Johnston, and M. Wanlass, Appl. Phys.
InGaAsP MQW. In that study, injected carrier densities of Lett. 72, 3470(1998.

. . . . 11 H
~10Y cm 2 were used, and so their measured lifetime is not ?dl“ge(‘;%%%"' A. Miller, and C. C. Button, IEEE J. Quantum Electra8,

. . . . _l
far from the predicted radiative value, given BAn) ~%, of 123 ' smith, p. A. Hiskett, and G. S. Buller, Rev. Sci. Instrfg, 2325
~100 ns. It may then be worth noting that the two structures (2003.
exhibiting the longest lifetimes to date have incorporated”E- Zlieli?]ski, H. Schv(veiz%r, K. Streubel, H. Eisele, and G. Weimann, J.
: Appl. Phys.59, 2196(1986.
quatem_ary bar,ners' . . 143. W. Orton and P. BloodThe Electrical Characterization of Semiconduc-
An interesting comparison can be made here with GaAs (ors: Measurement of Minority Carrier Propertig@cademic, London,

MQW structures, in which increased rates of monotonic re- 1990.

Time (ns)

Downloaded 22 Jul 2005 to 137.195.28.213. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



