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Spatially, spectrally, and temporally resolved photoluminescence (PL) microscopy was performed

on InGaN quantum-well light emitting diodes to probe individual localized luminescent centers

arising from disorder induced potential fluctuations. Two energetically distinct localization centers

were identified where the photoemission quantum-efficiency (QE) are correlated to the transition

energies. PL lifetime measurements on emission centers suggest that activation barrier for

non-radiative recombination (NR) processes determines their QE. The disparity in carrier dynamics

not only substantiate two diverse mechanisms for localization processes, but also indicate the

presence of multiple NR channels even within the trap centers implying their lateral dimensions to

span several nanometers. VC 2011 American Institute of Physics. [doi:10.1063/1.3671092]

The use of InxGa1�xN based quantum-well (QW) hetero-

structures as active layers in solid-state light emitting diodes

(LEDs) allows for tunability of photon energies from UV

through visible spectral range.1 Despite the large number

(�109–1010 cm�2) of non-radiative recombination (NR) cen-

ters such as dislocations, the high photoemission quantum-

efficiency (QE) of InGaN based LEDs is believed to be due to

localization of carriers in radiative potential traps which abate

NR processes.2–5 Such modulation of the QW potential energy

landscape has been ascribed to both compositional and inter-

face morphology related disorders in the alloy layers.3–8 Due

to inhomogeneous nature of the radiative recombination (RR)

centers, the optoelectronic behaviors of QWs vary consider-

ably at the nanoscale, often manifested as spatially (in-plane)

and energetically non-uniform light emission from QWs.9,10

This is more apparent for blue and green emitting InGaN

QWs, where low band-gap localized luminescent centers has

been observed.9–12 Further, anisotropy in the local nano-

environment, i.e., the potential landscape surrounding each

radiative trap center, has a tremendous impact on carrier dy-

namics and, as a consequence, on the QE of RR. It is, there-

fore, essential to understand the energetics and carrier

recombination pathways in radiative traps due to carrier con-

finement. This can be achieved by interrogating individual

spatially separated localized emission centers within an

InGaN based LED in a non-invasive manner, such as using

photoluminescence (PL). However, the excitation of barriers

using high energy photons can be detrimental to selectively

probe carrier dynamics within individual trap centers because

the emanating luminescence is obscured by overwhelming RR

though the entire alloy.

Previously, two classes of localized emission centers

within an InGaN based LED were identified in terms of their

band-gap energies and RR efficiencies using spectrally

resolved PL (SRPL) microscopy.13 In this work, we have

performed spatially and time-resolved PL (TRPL) imaging

of InGaN QWs by selectively exciting the alloy layers,

which allows us to probe carrier dynamics within individual

localized luminescent centers.

The sample studied here is a green emitting multiple QW

LED consisting of 4 nm In0.22Ga0.78 N wells separated by

10 nm GaN barriers, grown using metallorganic vapor phase

epitaxy on a c-plane sapphire substrate. PL microscopy was

performed using a 488 nm Arþ laser at 298 K. Energy-mapped

images were obtained using green (530–590 nm) and red (590-

700 nm) band-pass filters. Spatially resolved (�200 nm) and

large area (�100 lm2, kex¼ 405 nm) PL spectra were obtained

using an adjustable slit and transmission grating placed before

the CCD detector. TRPL imaging was carried out in a scanning

confocal microscope (SCM) using a 470 nm pulsed laser with

250 ps pulse-width and 40 MHz repetition rate, at 1 kW/cm2.

The PL decay was recorded via time-correlated single-photon

counting using an avalanche photodiode. For details, see

Ref. 13 and supporting information.20

An energy-mapped (pseudo-color) PL intensity image of

the QWs (Figure 1(a)) shows the presence of highly local-

ized (diffraction-limited) luminescent centers (or “dots”).

Detection of dots through both the lower-energy (as com-

pared to QWs) emission channels reveals that these are radi-

ative potential traps which funnel carriers efficiently.

Characteristic PL emission spectra of five individual dots

along with the large-area PL spectrum of the QWs are shown

in Figure 1(b). The large-area PL spectrum is dominated by

a transition at �2.6 eV (regarded as the QW band-gap),

along with a broad yellow luminescence band, which

a)Author to whom correspondence should be addressed. Electronic mail:

arindam@chem.iitb.ac.in. Tel.: þ91 22 2576 7154.
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originates from defect states of GaN barrier layer as con-

firmed by PL spectra of a reference GaN sample. Single-dot

spectra demonstrate that individual traps have transition

energies down to �1.9 eV, i.e., �750 meV lower than that of

the alloy. A frequency distribution of relative lowering of

transition energies (De) due to trap formation, generated

from 1100 single-dot PL spectra, is shown in Figure 1(c).

Intriguingly, this distribution is found to be bimodal in na-

ture (minima at �2.1 eV), which implies that band-gaps

associated with radiative centers lie within two well-

separated (�200 meV) energetic domains, classified as shal-

low (DeS<�480 meV) and deep (DeD>�500 meV) traps.

The variation of average PL intensities of dots with De (Fig-

ure 1(c)) is consistent with Figure 1(a); majority of shallow

traps are relatively weak emitters, while almost all the effi-

cient luminescent centers are deep traps.

A SCM image of the QWs obtained using the two detec-

tion channels, and the corresponding TRPL image is shown

in Figure 2. The pseudo-color PL intensity image (Figure

2(a)) is used to identify the shallow and deep traps. From

Figure 2(b), it is clear that the average PL lifetimes (sav) for

red dots (�6 ns) are consistently higher than the green dots

(�2 ns), while sav of the QW background is much lower

(<0.5 ns). Figure 2(c) shows the typical distribution of

single-dot PL lifetimes, as obtained by analyzing PL decay

traces collected over several minutes.20 Importantly, the

spread of the lifetime distributions for shallow traps is

always found to be more than that of deep traps. The width

of these statistically relevant PL lifetime distributions is a

direct measure of the heterogeneity in carrier recombination

pathways inside each dot.14 This suggests that the number of

RR and/or NR pathways accessed by carriers within shallow

traps is significantly higher than those available within deep

traps.

Figure 3 shows characteristic time-resolved PL traces,

depicting the range of observed decay dynamics for individ-

ual shallow and deep traps. Consistent with TRPL images,

the PL decay for the shallow traps are found to be faster

than the deep traps. Neither of these TRPL traces could be fit

using a single-exponential decay. However, a bi-exponential

function yielded excellent fits for all dots irrespective of their

De. For shallow traps, the fast component (sS
1 � 0.4 ns) has a

dominant contribution (90%) as compared to the slow one

(sS
2 � 4 ns). In contrast, both fast (sD

1 � 1 ns) and slow

(sD
2 � 6 ns) components have comparable contributions for

the deep-traps.

The carrier dynamics within potential traps in InGaN

alloy is governed by two competing processes: (1) RR of car-

riers within the traps, which primarily depends upon the

overlap of electron-hole wavefunctions and (2) non-radiative

escape from the potential wells where they are confined.

Strong carrier localization in traps reduces access to non-

radiative pathways due to the restriction of carrier move-

ment. At room temperature, however, the thermal escape of

carriers to NR centers is considerably faster than RR

processes.15–17 Therefore, the fast (s1) component of the

observed TRPL traces are attributed primarily to carrier

escape to NR centers (sNR), while the slow component (s2) is

assigned as predominantly due to RR within the traps (sRR).

Our results show that the rate of NR (kNR) is high for shallow

FIG. 1. (Color online) (a) Semi-quantitative energy-mapped PL image of

QWs. (b) Single-dot (solid lines, kex¼ 488 nm) and large-area (dashed line,

kex¼ 405 nm) PL emission spectra. (c) Distribution of De (bars) and the av-

erage intensities (spheres, 50 meV bins) plotted as a function of De.

FIG. 2. (Color online) (a) Energy-mapped SCM intensity image showing

green (arrows) and red (circles) emitting dots. (b) PL lifetime image of the

same area, where sav in each pixel is color-coded. (c) PL lifetime distribu-

tion for a single shallow and deep trap.

FIG. 3. (Color online) Single-dot TRPL traces (symbols) and fits (lines).

Decay parameters tabulated in inset. IRF is instrument response function.
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traps, where majority (90%) of carriers can easily access the

NR centers. However, kNR as well as number of available

NR pathways decrease considerably for deep traps.

Considering that carriers trapped in these localization

centers require an activation energy (D) to access NR path-

ways, carrier dynamics will be governed by dn1=dt ¼ �kNRn1

and dn2=dt ¼ �kRRn2, where kRR is rate of RR, while n1 and

n2 are the number of activated carries which escape to NR

centers and those which undergo RR in the potential trap,

respectively, such that n1 ¼ ðn1 þ n2Þexpð�D=kBTÞ.18 Note

that n2=n1 is equal to the ratio of pre-exponential coefficients

(a2=a1) evaluated from the fit to TRPL decay (Figure 3).

Therefore, D can be expressed as D ¼ kBTlnð1þ a2=a1Þ, and

the QE for RR as g ¼ a2kRR=ða1kNR þ a2kRRÞ. For the

shallow and deep traps, we estimate DS� 3 meV and

DD� 18 meV, while gS� 0.01 and gD� 0.14 (subscripts S/D

refer to shallow/deep traps). The enhancement of g for deep

traps is found to be consistent with the average PL intensities

observed for individual dots (Figure 1). Interestingly, how-

ever, both DS and DD are significantly lower than the individ-

ual potential well-depths (150–300 meV). This implies that

photogenerated carriers present within both the shallow and

deep traps can access NR pathways even without escaping

from the potential wells. This is possible only if the localiza-

tion centers span few tens of nanometers in lateral dimension

in order to accommodate several NR centers such as disloca-

tions. This in concurrence with a recent report on the presence

of multiple V-shape pits (NR centers) inside red-shifted local-

ization centers within InGaN QWs.19 Under these premises,

the carrier dynamics within individual traps formed within

QWs are schematically depicted in Figure 4. Depending on

the number of NR sites present within each emission center,

as well as the energetic barriers surrounding these NR sites,

the relative QEs of individual dots vary. The shallow-traps

have more number of available NR channels (evident from

Figure 2(c)) and lower activation energy to surpass in order to

access these NR centers, resulting in lower QEs of photoemis-

sion as compared to the deep traps.

The clear bimodal distribution of transition energies

coupled with an abrupt increase in emission intensities for

traps having De> 500 meV (Figure 1(c)) is indicative of their

diverse origins. It is also evident that carrier dynamics occur-

ring within the shallow traps is very different from those of

deep traps, ensuing in considerable disparity in their QEs.

Both in-plane fluctuations in QW thickness and local In

compositions can spatially confine carriers and thereby result

in highly luminescent radiative traps.3,4,7 However, it is

unlikely that non-uniform changes of either of these parame-

ters results in a bimodal distribution of De and RR efficiencies

accompanied by contrasting carrier dynamics.13 Therefore,

single-dot TRPL measurements further substantiate the pres-

ence of two very distinct carrier localization centers, the opto-

electronic properties of which are dictated by the depth and

width of individual traps as well as on the local potential land-

scape. Indeed, activation barriers to access NR pathways can

differ considerably for the deep and shallow traps, depending

on the local strain energies of individual localization centers.19

The local strain is extremely sensitive to In mole-fractions in

the vicinity of NR centers, resulting in higher barriers for In-

rich localization centers which act as deep traps.

In summary, we establish the presence of two distinct

categories of localization centers within the same InGaN

QW-LED, where carrier recombination dynamics is very dif-

ferent, correlated to their transition energies. A higher rate

and enhanced probability of non-radiative escape within the

shallow traps, likely due to significant heterogeneity present

therein, render carriers more susceptible to non-radiative

deactivation culminating in reduced QEs. In contrast, deep

traps abate carrier migration to nearby dislocations due to

the presence of higher activation barriers, allowing these to

be more efficient. Single-dot TRPL shows that NR centers

can be accessed even within each localization center, imply-

ing their spatial dimensions to be several nanometers at the

least. Control over the underlying physical parameters re-

sponsible for such remarkably dissimilar optoelectronic

properties in these two classes of localization centers can be

beneficial in fabricating lower energy and higher efficiency

InGaN based optoelectronic devices.
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The InGaN quantum well (QW) light emitting diode (LED) structures were grown on c-plane 

sapphire substrates using metalorganic vapor phase epitaxy (MOVPE) in a 3x2 inch close 

coupled showerhead reactor. The active region consists of a 5 QW stack with InGaN quantum 

wells separated by lightly n-doped GaN barrier layers. A standard two-temperature growth 

process under nitrogen carrier gas is used for the growth of the active region, with the InGaN 

QW grown at a lower temperature (660 oC) than the GaN barrier (720 oC) to enhance the Indium 

incorporation in the QW. Structural characterization using high-resolution X-ray diffraction 

shows distinct superlattice fringes; simulation of the diffraction profiles for multiple reflections 

is used to estimate the average layer thickness and Indium content.  From the x-ray data we 

estimate the active region to have ~4 nm thick wells having ~22% average Indium composition, 

separated by ~10 nm thick GaN barrier layers. Electroluminescence spectra obtained from 

different regions of the wafer showed that this is a functional “green” LED.  

The 488 nm line of an Ar+ laser (Mellos Griot) was used to selectively excite the In0.22Ga0.78N 

QW in epi-fluorescence configuration through an inverted microscope (Nikon Eclipse 2000U) 

using 60X 1.49NA oil immersion objective lens (Nikon). The PL emission was collected using 

the same objective lens and separated from the excitation beam by using a dichroic mirror 

(Semrock – Di01-R488) and a 488 nm notch filter (NF03-488E-25) and subsequently imaged 

using cooled CCD (charged couple device) camera (DVC-1412AM) at 100ms exposure times. 

Dual-color imaging was performed by collecting the emission using two bandpass filters (from 

Semrock): green-yellow (530-590 nm) and orange-red (590-700 nm). High-throughput PL 

emission profiles of individual Dots were obtained by collecting the emission through a 

combination of adjustable slit and transmission grating (70 lines/mm, Optometrics) mounted in 

front of the CCD. Spectral positions were calibrated using four laser wavelengths (488, 514.5, 

532 and 633 nm). All data were obtained at identical excitation powers of ~500W/cm2 at 295K. 
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All the microscopy images were analyzed after background flattening due to slight modulations 

in the excitation field unless otherwise mentioned. For band-gap mapping, individual images of 

the same lateral area obtained in the two detection channels were quantitatively overlaid to 

generate a pseudo-color energy mapped image (using ImageJ, NIH). As a qualitative indicator of 

optical band-gaps for individual Dots, the higher and lower energy detection channels have been 

assigned green and red colors. The spectrally resolved images were analyzed after appropriate 

background subtraction and corrected for the CCD detector response over the entire wavelength 

range. The emission spectrum obtained for each spatially separated diffraction-limited spot was 

fitted to a single Gaussian to obtain their spectral maxima positions ( em
maxλ ) and integrated 

intensities. Meticulous care was taken for estimation of em
maxλ  for all the spatially well-separated 

(>200 nm) individual spots resulting in a wavelength resolution of ~2.5 nm. The band-gaps of 

individual Dots were directly obtained from the transition energies ( em
maxν ) while the integrated 

intensities for all the ~1100 randomly chosen Dots were obtained by integrating the emission 

spectral profiles. The frequency histogram shown in Figure 1 (c) was constructed at 25 meV 

bins, while average intensities over 50 meV bins were plotted against the corresponding band-

gaps of Dots. For further details on the experimental setup, see Ref.13. 

Fluorescence Lifetime Imaging Microscopy (FLIM) studies were carried out in a confocal laser 

scanning microscopy (CLSM) setup (PicoQuant, MicroTime 200) using an inverted optical 

microscope (Olympus IX-71). A water immersion objective (60×1.2 NA) was used to focus the 

excitation light of 470 nm with repetition rate of 40 MHz, from a pulsed diode laser (PDL 828-S 

“SEPIA II”, PicoQuant) providing 10–20 µW power on to the sample. The photoluminescence 

was collected in an epifluorescence configuration and allowed to pass through a dichroic mirror 

and appropriate band pass filters. For collecting the lifetime decay of individual Dots, the PL 



4 

 

emission signal was focused through a pinhole (50 μm) onto single-photon counting avalanche 

photodiode (SPAD). All the data collection and fitting were performed in Symphotime software. 

It should be noted that Figure 2(a) is not a quantitative energy-mapped intensity image, but rather 

a qualitative pseudo-color image obtained by collecting the emission (of the same lateral area) 

using the green (530-590 nm) and red (590-700 nm) bandpass filters. The resulting images from 

individual channels were merged to obtain the qualitative color image, which was used to 

identify the shallow and deep traps. However, the FLIM image (of the same area as in Figure 

2(a)) shown in Figure 2 (b) was obtained using the same LSCM setup by collecting the emission 

without the use of bandpass filters. PL lifetime of individual diffraction-limited spots from the 

image has been obtained using time correlated single photon counting (TCSPC) which ensures a 

high temporal resolution at enhanced sensitivity. Multi-exponential fit was applied to the image 

(pixel by pixel) to construct the lifetime image. PL lifetime fitting has been done using iterative 

convolution, taking into account the influence of the instrument response function (IRF). False 

color lifetime image was constructed to maximize the amount of information presented in the 

display of the results, which was exported directly as ASCII files for subsequent data analysis. 

The average lifetime (τav) of an emissive trap has been calculated using the expression 

( )2 2
1 1 2 2 1 1 2 2av a a a aτ τ τ τ τ= + +  following Principal of Fluorescence Spectroscopy, Joseph R. 

Lackowicz, 3rd edition, Springer. In the lifetime image contrast and brightness are adjusted to 

exemplify the both bright and dim spots. PL lifetime distributions are obtained by plotting the 

lifetime of an individual diffraction-limited spot against acquisition time (Figure S1). The PL 

lifetime decay of each spot has been averaged over 1 ms, which constitute a single data point in 

the histogram generated in Figure 2(c) and Figure S1. A reliable PL lifetime distribution 

histogram has been constructed by collecting data over tens of seconds. For further details on the 

procedure, see Ref. 14 of the main text. 
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Figure S1.  The PL lifetimes traces of shallow (bottom panel) and deep traps (top panel) plotted 

against acquisition time. The corresponding projections in the y-axis show the histogram of 

average PL lifetimes obtained for data acquired during 200 ms.  
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