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Carrier relaxation and recombination in an InGaN/GaN quantum well
probed with time-resolved cathodoluminescence
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Spatially, spectrally, and temporally resolved cathodoluminescé@te techniques have been
employed to examine the optical properties and kinetics of carrier relaxation for metalorganic
chemical vapor deposition grown InGaN/GaN single quantum wés). Cathodoluminescence
wavelength imaging of the QW sample revealed local band gap variations, indicating the presence
of local In composition fluctuations and segregation during growth. A detailed time-resolved CL
study shows that carriers generated in the boundary regions will diffuse toward and recombine at
INN-rich centers, resulting in a strong lateral excitonic localization prior to radiative recombination.
© 1998 American Institute of PhysidsS0003-695(98)03936-9

The study of InGaN/GaN heterostructures and quantum The CL experiments were performed with a modified
wells (QWSs) has in recent years drawn a great deal of inter-JEOL-840A scanning electron microscope using a 10 keV
est, owing to the rapid progress and realization of high qualelectron beam with various probe curreft€LWI was per-
ity blue and green InGaN single QW light emitting diotles formed by acquiring a series of discrete monochromatic im-
and room-temperature pulse operation of InGaN sfatel  ages, constructing a local spectrum at all 8480 scan
multiple®> QW laser diodes. Time-resolved photolumines-points within the image, and determining the wavelength,
cence has been used to study the radiative recombination i, (X,y), at which there is a peak in the CL spectrum at each
InGaN singlé® and multiplé QW structures. Several au- scan point(x,y). CLWI thus enables a spatial mapping of the
thors observed that the emission results mainly from recomeffective band gap, which can vary as a result of strain and
bination of excitons localized at certain potential minimaalloy fluctuations® The temperature of the sample was
originating from large IpGa, _,N compositional fluctuations maintained at 93 K. Our CL system with time-resolved ca-
caused by phase separatfofi.Direct evidence for exciton pability has been described previousfyand time-resolved
localization was shown in InGaN single QWs by Chichibu CL experiments were performed with the method of delayed
et al® However, the effects of the InGaN composition undu-coincidence in an inverted single photon counting mode with
lation on the carrier diffusion, relaxation, and recombinationa time resolution of~100 ps. Electron beam pulses of 50 ns
of localized excitons are far from being well understood,width with a 1 MHz repetition rate were used to excite the
particularly in the boundary regions between centers of exsample. The luminescence signal was dispersed by a 0.25-m
citon localization. monochromator and detected by a cooled GaAs:Cs PMT.

In this study, we have employed spatially, spectrally,  Spatially averaged CL spectra, acquired under various
and temporally resolved cathodoluminesce(@E) to inves-
tigate the carrier relaxation and recombination in an InGaN/
GaN single QW sample. Cathodoluminescence wavelength
imaging (CLWI1)!® measurements were performed to assess
the spatial extent of the band gap variations caused by the In
composition fluctuations. We will show that for low excita-
tion conditions, CLWI revealed local In composition fluctua-
tions on a scale of less thanl00 nm, which is indicative of
a strong carrier localization at InN-rich centers. The impact
of the large InGa_,N compositional fluctuations on the
spatial variation of the luminescence intensity and lifetimes
as well as carrier transport and capture process is explored.

The 4-nm-thick InGaN single QW sample was grown by
atmospheric pressure metalorganic chemical vapor deposi-
tion using a closed space showerhead reactor via multistep
growth approacH on a sapphiré0001) substrate, followed
by a 70-nm-thick GaN capping layer. The undoped QW o T

sample has a 15% average In composition. 390 400 410 420 430
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3Author to whom correspondence should be addressed. FIG. 1. Stack plots of normalized CL spectra taken with various probe
YAlso with Department of Electrical Engineering/Electrophysics. currents.
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FIG. 3. CL transients including the onset and decay of the 410 nm lumines-
cence taken near an exciton localization cerifet) and dark boundary
region (P2.

A (nm)

shown in the line scan analysis of FigcR The correlation,
as illustrated by the dashed vertical lines, shows that carrier
localization in the InGaN QW is due to the spatial variation
of the In composition and an attendant band gap variation.
Cathodoluminescence imaging further revealed that the
sizes of the bright and dark regions depend on the level of
excitation. That is, the minimum feature size scales by a
factor of ~2 as the beam current is increased from 0.3 to 1
nA. The increase in the feature size is evidently related to the
rapid band filling of carriers in InN-rich regions, which
should change the spatial shape of the potential variation in
! | ! | ! the vicinity of the InN-rich centers and alter the subsequent
0 4 8 12 16 20 drift and diffusion of carriers towards the lowest energy
; minima.
Distance (um) In order to further understand the spatial variation in the
FIG. 2. (8 Monochromatic CL image(b) CLWI image, and(c) line scan  Carrier relaxation and recombination, time-resolved CL was
analysis for an e-beam current of 1 nA. The gray-scale bar serves as a kggerformed by positioning the electron beam in varying prox-
for the wavelength mapping itb). The CL intensjty (j)f the scan at 1.110 nm |m|ty to the bnght luminescence centers and dark boundary
and the peak wavelength,,, along the dashed line i@ are shown in(c). regions observed in Fig.(®. Transients of the CL intensity
decay versus time were acquired at various positions relative
excitation currentslf) are shown in Fig. 1. The beam cur- to exciton localization centers. Figure 3 shows typical tran-
rents vary from 0.05 to 10 nA and the beam was rastesients, denoted as P1 and P2, corresponding to the e beam
scanned over an area of 2%.68.8 um?. All spectra are nor- positioned to a bright center and dark boundary regions, re-
malized to have the same intensity; the scaling factors arspectively. The CL decay lifetimes are obtained by fitting the
indicated to the right of each spectrum. The peak position oinitial decay with a constant lifetime, as shown in the semi-
the QW emission shifts toward shorter wavelengths as théogarithmic plots of Fig. 3. The fits indicate that the region
beam current increases, resulting in-&1.4 meV blueshift corresponding to P1 exhibits a longer lifetifi23 ng than
as the beam current is increased from 0.05 to 10 nA. Thishe region corresponding to R2.4 n9. A spatial depen-
effect can be attributed to the rapid band filling of localizeddence of the lifetime was examined by acquiring a set of
In,Ga _«N radiative centers composed of large In concentratransients along an arbitrary line in an e-beam line scan.
tions. The full widths at half maximum of these spectra alsoFigure 4a) shows again a line scan analysis of the CL inten-
increase from 80.0 to 87.5 meV in the 0.05-10 nA range. sity atA=410 nm for a scan of~25 um in length. The dots
Scanning monochromatic CL and CLWI images for ain Fig. 4b) show the corresponding decay times of the 412
scanned area of 25:618.8um? are shown in Fig. 2. The nm emission at various e-beam positions along the same line.
spotty nature of the monochromatic CL images, showing disThe positions of the transients denoted as P1 and P2 in Fig.
tinct bright and dark emission regions, is consistent with a3 are also indicated in Fig.(d).
strong localization of excitons prior to radiative A strong correlation is observed between the CL inten-
recombinatior?. Figure Zb) shows corresponding CLWI im- sity and carrier lifetime in Fig. 4. The carrier lifetimes are
age of the same region of Fig(e2. The mapping oh, into  generally longer and shorter for higher and lower CL inten-
a color-scale representation is shown by the gray-scale baities, respectively, along the line scan. The reduced lifetime
indicating the wavelength scale. A spatial correlation be-n the darker boundary regions can be attributed to defects or
tween the bright regions of the monochromatic CL imagesmpurities acting as nonradiative centers which reduce the
and longer wavelength regions of CLWI is observed, adotal lifetime of excess carriers.
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25 InN-rich centers, the carriers can recombine radiatively. Ow-
ing to possible nonradiative centers in the boundary regions,
carrier loss during transport is expected to occur and contrib-
utes to the reduced lifetime measured in dark regions. The
rapid band filling observed in Fig. 1 and the excitation de-
pendence of the feature size are also consistent with the no-
tion of spatially segregated InN-rich centers with a high car-
rier collection efficiency. The collection of carriers at
dispersed centers will naturally lead to an enhanced phase
space filling due to the enhanced real space fillirg, fun-
neling of carriery in the centers. These results indicate a
high capture and luminescence efficiency in InN-rich centers
and further help to explain the high efficiency of optoelec-
tronic devices based on InGaN alloys, despite high densities
. AR of structural defect$®
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0 5 10 15 20 25 In conclusion, we have examined the optical properties
Distance (1m) and kinetics of carrier relaxation for an InGaN QW sample
FIG. 4. (a) CL intensity of the 410 nm luminescence af lifetimes vs with spatlally, §pectrglly, and temporally resolved CL. CLWI
distance for an e-beam line scan. reveals a spatial variation in the near-band gap energy result-

ing from the In composition undulation throughout the

L ) ) InGaN film. The lifetime of carriers excited in dark regions
,A closer examlnatlgn (?f the CL transients R’“”Qh‘ located between the InN-rich centers is reduced and a 0.2—

region a“(}' P2(dark region in F|g'. :'a'shows marked d.|ffer- 1.0 ns delay in the transient decay signal is observed, owing

ences during the onset and the initial stages of the |_nten3|% diffusion and drift of carriers. The lateral band gap varia-

_decay. W_e define an onset rateasr = A In(l,)/At, which 5 throughout the QW can lead to interesting nonlinear

'S determined by slqpes of t_hs_: tangents to the onset CUIVES Bhtical effects which could impact applications involving la-

Fig. 3. The P1 region exhibits a faster onset rate, and 't§ers, optical storage, and spatial light modulators.

decay follows an exponential behavior beginning with the

trailing edge of the e-beam pulggme~0). The P2 region, This work was supported by NSF, ARO, ONR, and

conversely, exhibits a slow onset and its CL intensity decay®ARPA through the National Center for Integrated Photonic

very slowly during the first-1 ns after the trailing edge of Technology(NCIPT).
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