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In this paper, we present a combined cathodoluminescence (CL) and electron beam induced current

(EBIC) study of the optical and electrical properties of InGaN light emitting diodes grown using

different active region growth methods. In one device, both the quantum wells and quantum

barriers were deposited at their optimum temperatures (2 T), whereas in the other device, each

barrier was grown in a two step process with the first few nanometers at a lower temperature

(Q2T). It was found that in the Q2T sample, small micron scale domains of lower emission

intensity correlate strongly to a lower EBIC signal, whereas in the 2 T sample which has a more

uniform emission pattern and an anti-correlation exists between CL emission intensity and EBIC

signal. VC 2015 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4915628]

I. INTRODUCTION

The industry standard for high efficiency blue/white/

green light emitting diodes (LEDs) involves the use of

InGaN/GaN multi-quantum well (MQW)/quantum barrier

(QB) active regions to increase carrier densities and radiative

recombination efficiency. The high quality growth of these

thin layers is of importance to both the optical and electrical

characteristics of such devices. The optimum temperature for

the growth of high quality GaN is around 1050 �C.1 However,

since indium nitride has a low dissociation temperature

(550 �C),2 GaN barriers have to be grown at lower tempera-

tures to maintain high indium content in the wells. Aside from

growing the barriers and wells at a single temperature, optimal

for InGaN deposition (around 700–800 �C (Ref. 3))—which

we define as the 1 T method—there are two methods used to

balance indium desorption and barrier crystal quality. The first

is the so called two-temperature (2 T)3–5 approach, where the

temperature is ramped up and down between around 900 �C
for the barriers and 750 �C for the wells. This is expected to

improve the crystal quality of the GaN, but results in an

increased indium loss from the QW.6 The second method,

quasi two-temperature (Q2T),2,6–9 is to grow the first few

nanometers of the GaN barriers at the InGaN growth tempera-

ture before growing the remainder at the higher temperature,

which serves to provide a protective cap on each quantum

well. In this work, a fourth method was used where the tem-

perature is ramped to around 800 �C after growth of the QWs

before bringing it back down to grow the barriers at the low

temperature. We refer to this as T-bounce (T-B),10 and use it

to investigate the importance of annealing the InGaN layer

and of the barrier quality on the LED performance.

Cathodoluminescence (CL) imaging if often used to

probe the luminescence characteristics of semiconductor

optoelectronic devices, including laser diodes and LEDs.

Panchromatic CL mapping provides information on the vari-

ation of total luminescence intensity across a sample,

whereas hyperspectral imaging has proven to be of great use

in mapping and correlating variations in the spectral emis-

sion parameters of epilayers,11,12 MQW heterostructures,13

and optoelectronic nanostructures.14,15 However, CL is just

one of several outcomes of the electron beam irradiation of a

material. Measurement of the electron beam induced current

(EBIC) complements CL because it adds extra information

about the behaviour of generated charge carriers and probes

the effect of electric fields in the device.16–20

Previous work on these samples10 using transmission

electron microscopy (TEM) has revealed that those grown

without an annealing step (Q2T and 1 T) exhibit highly uni-

form quantum well thicknesses. By contrast, the devices

where an anneal step is present (2 T, T-bounce) were shown

to have significantly varying well thicknesses; in some the

InGaN was not present at all, resulting in gaps in the quan-

tum wells on a length scale of several tens of nanometers.

These differences were found to affect the electrolumines-

cence (EL) efficiency curves: non annealed samples had a

lower peak efficiency by more than a factor of 2 compared to

the 2 T and T-bounce devices, but this peak efficiency

occurred at a much higher current density. The higher peak

efficiency in the annealed, gappy quantum well devices was

attributed to the localization of charge carriers in the pockets

of InGaN QW and the prevention of diffusion to non-

radiative sites.

II. METHOD

In this paper, we present a combined optoelectronic

study of the InGaN/GaN LED structures described above. A

set of four otherwise identical samples was grown with the

1 T, 2 T, Q2T, and T-B methods. The full growth details of
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the samples are described by Oliver et al.10 These were

mapped by CL hyperspectral imaging using an electron

beam acceleration voltage of 9 kV and beam current of

10 nA. A subsequent pair of devices grown with the Q2T and

the 2 T methods was studied by EL mapping and simultane-

ous CL and EBIC imaging to investigate both the lumines-

cence and the conductivity variations on a micron scale. We

used an electron probe microanalyser (EPMA) to simultane-

ously perform the CL hyperspectral imaging and EBIC

mapping of both devices with a spatial resolution of 1 lm.

Electroluminescence measurements were carried out using

the same EPMA scanning stage and optics. The electron

beam was switched off and an 8 lm pinhole replaced the

spectrograph entrance slit. The optical microscope in the

EPMA has a magnification of approximately 3� which pro-

vides a spatial EL resolution of 3 lm.

The LEDs studied are c-plane III-N on sapphire grown by

metal organic vapour phase epitaxy (MOVPE). All the struc-

tures studied consist of 2 lm n-type GaN, a 130 nm p-type

GaN (inc pþ contact layer), and a 5 period MQW active

region. There was no electron blocking layer in any of the

devices. The grown wafers were processed into 1� 1 mm2

mesa etched, side contacted LEDs with an �10 nm thick oxi-

dized Ni/Au semi-transparent current spreading Ohmic contact

on the p-layer. Non-alloyed Ti/Al contact stripes were formed

on the n-layer (as an Ohmic contact) and over the Ni/Au in an

interdigitated arrangement that minimizes current crowding.

The LED wafers were mounted on TO-5 headers, where they

were bonded with 5 lm Al wire. During EBIC measurements,

a Keithley Instrument 2401 source/measure unit was used to

hold the devices at a fixed voltage of 0 V and hence measure

the short circuit current. At each point in the scan, a full CL

spectrum was collected by an Andor CCD camera to build up

a hyperspectral data-set. The CCD was also set to trigger the

source/measure unit to take a measurement of the current with

each spectral acquisition to simultaneously create an EBIC

map of the same area. The data sets were analysed using cus-

tomised software, and the spectra fitted to peak functions

to create 2D maps of peak intensity and peak position. CL

mapping was also performed on the LED as-grown wafers

(pre-processing) but, since the LED contacts are required for

current collection, corresponding EBIC could not be collected.

III. RESULTS

Under a forward current, Q2T and 2 T show markedly

different patterns of emission. Figure 1 shows optical lumines-

cence micrographs and EL integrated intensity maps taken of

typical Q2T ((a) and (c)) and 2 T ((b) and (d)) grown LEDs

under a 10 mA drive current. The emission from Q2T is domi-

nated by bright spots and patches between 5 and 10 lm in size

with an intensity variation of more than one decade between

dark and bright. 2 T, in contrast, has a much more uniform

appearance, with small variations, �20%, and over a broader

scale (�30–50 lm). Comparison with optical Nomarski

micrographs suggests that the small intensity variations in the

2 T sample are related to its surface morphology.

In order to ascertain if the difference in emission was

due to effects caused by processing of the LED wafers, CL

imaging was performed on 2 T and Q2T in both their proc-

essed (full device structure) and unprocessed (semiconductor

layers only) forms. Figs. 2(a)–2(d) show 50� 50 lm2 quan-

tum well CL intensity maps from samples Q2T and 2 T in

uncontacted LED and as-grown wafer form. In both forms,

Q2T shows a high degree of non-uniformity in emission in-

tensity: small regions, measuring 2–10 lm in size show a

decrease in CL intensity by approximately a factor of 5 com-

pared to the brightest areas. This is emphasized in the histo-

grams and spectra in Figures 2(e) and 2(f). The Q2T

histogram has a tail on the low intensity side which corre-

sponds to the presence of the dark spots. Since the dark spots

appear on both the processed and unprocessed wafer and

have a very similar size, we can conclude that the cause is

not due to the deposition of the current spreading layer or

any other post-growth fabrication steps.

Figures 3(a), 3(b), 3(d), and 3(e) are a set of CL MQW

intensity maps, taken under the same conditions, from the set

of four unprocessed LED samples grown with the different

active region temperature profiles. The intensity maps are

plotted on the same relative scales and, as can be seen, the

1 T and Q2T samples have a similar spotty emission pattern

to that of the Q2T LED from the first set, while T-B and 2 T

are similarly comparable. This is demonstrated in Figures

3(c) and 3(f), which show the histograms and the coefficients

of variation from the four maps, respectively. The coefficient

of variation, COV, is defined by: COV ¼ r=�x, where r is the

standard deviation of the data set and �x the mean. The distri-

butions from the 1 T and Q2T in (c) clearly show an asym-

metric tail on the low intensity side, which is directly

attributable to the dark spots. The 2 T device has the highest

average intensity and around twice that of the T-Bounce

sample. In the previous study,10 the EL efficiency from a

large number of dies was studied, and it was found that T-

bounce device had the highest internal quantum efficiency

(IQE). A possible explanation for this could be due to the

different way carriers are generated in CL compared to EL.

In CL, carriers generated in and around the active region

FIG. 1. Optical EL micrographs ((a) and (b)) and EL intensity maps ((c) and

(d)) from a Q2T and 2 T LED under 10 mA drive current.
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have, on average, a much higher energy than those which

diffuse to the active region in EL.20 In the latter case, the

energy is only a few eV, around the energy of the bandgap,

and can easily be captured by the quantum wells. For MQW

luminescence, charge pairs generated by a high energy elec-

tron beam are required to lose significant energy before

being captured by the QWs and so, in this time, there is an

increased probability of non radiative recombination, medi-

ated by barrier defects. Since the T-Bounce sample would be

expected to have lower quality GaN barriers due to the lower

growth temperature, it would result in more non-radiative

recombination and lower CL than would be expected in the

2 T material. It is also worth noting that, since these samples

are uncontacted, the electron beam will be inducing a

FIG. 2. MQW CL intensity maps of the Q2T ((a) and (b)) and 2 T ((c) and (d)) in unprocessed and LED form, respectively. Histograms (e) and CL spectra (f)

taken from the “as grown” maps.

FIG. 3. CL MQW intensity maps from the set of four as grown (uncontacted) LEDs; 1 T (a), T-B (b), Q2T (d), and 2 T (e). The maps are plotted on the same

relative intensity scales. Histograms (c) and the calculated coefficients of variation (f) extracted from the four maps. The dark spots in the centre of (b) and (e)

are due to electron beam damage during calibration.
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forward voltage across the p/n junction due to excess carriers

reducing the size of the depletion region16,21 and the magni-

tude of this effect may vary from device to device.

These plots indicate that the four samples fall into two

“families”: those where there is no temperature ramp

between quantum well and quantum barrier growth (1 T and

Q2T) and those where there is a temperature ramp after bar-

rier growth (2 T and T-bounce). The highest temperature to

which the quantum wells are exposed is the same for all four

devices, as it comes during the 950 �C anneal of the p-GaN

performed to activate the acceptors. This suggests that the

cause of the dark spots is related to whether or not the quan-

tum wells are capped by a low temperature GaN layer before
the ramp to high temperature. The previous study on these

samples10 also showed that the devices fall into these two

families, with the capped having smooth wells and the

uncapped having gappy wells.

Based on this first set of data, the EBIC/CL studies were

performed on one type of LED from each “family,” a 2 T

and Q2T device which, based on the CL, are the brightest

from each set. LEDs possessing a good I-V characteristic

(i.e., with a low reverse leakage current) were chosen for

EBIC measurements. The devices were biased at 0 V to mea-

sure the short circuit current. Figure 4 compares the CL data

with the simultaneously collected EBIC signal for the Q2T

and 2 T grown LEDs. (a)–(c) shows the fitted CL intensity

and peak position, and EBIC maps of 2 T, while (d)–(f) are

the equivalent maps for Q2T.

In the 2 T sample, an anti-correlation exists between the

CL intensity and EBIC signal. Areas higher in luminescence

intensity contribute less current to the external circuit when

excited by the electron beam. There is also an anti-

correlation between the intensity and fitted peak position, in

that areas of lower intensity are also slightly blue-shifted by

around 10 meV. These correlations are shown in the plot in

Figures 5(a) and 5(b).

These relationships are consistent with competition

between carrier escape from the active region and any form of

recombination within the region. The scale of the variations

indicate that these are the same as the broad variations seen in

the EL in Figure 1 and those in the Nomarski images of the

template referred earlier. A local decrease in the thickness of

the quantum wells would cause a blue shift in the emission

peak due to increase quantum confinement and an increase in

the probability of carriers tunnelling out of the wells,16,20

increasing the EBIC signal, and lowering the CL signal. The

blueshift could also be caused by a local decrease in the InN

content of the wells, and this would also be consistent with

the increased EBIC and decreased CL because the reduction

in band offset would enhance the probability of thermionic

escape from the QWs or reduce capture probability.

The CL and EBIC maps and their correlations are quite

different in the Q2T grown device. The most obvious feature

from the EBIC map (Fig. 4(f)) is the presence of dark spots

which coincide precisely with the dark features in the CL in-

tensity map. These areas exhibit a lower radiative recombi-

nation rate that is not accounted for by an increase in carrier

escape from the depletion region; in fact, the carrier escape

is significantly lower also. This indicates unambiguously an

increase in the non-radiative recombination rate. The corre-

lation plot in Figure 5(b) demonstrates that the relationship

between the CL intensity and EBIC is not as simple as in the

2 T material. Two sections of the plot exist; a positive corre-

lation, which corresponds to the areas encompassing the

FIG. 4. CL intensity, CL peak position, and EBIC maps for the 2 T ((a)–(c)) and Q2T ((d)–(f)) devices.
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dark spots, and an anti-correlation, which at higher inten-

sities has a Pearson r value very similar to that of the 2 T de-

vice. The relationship between the intensity and peak

position is also similar to that of the 2 T material, in which

the brighter areas are redshifted. This indicates that outside

the dark spots the material is similar to that found in the 2 T

device.

In order to determine what effect the dark areas have on

the emission efficiency of the LEDs, we used EL mapping to

spatially resolve the efficiency curves. Figures 6(a)–6(c)

show EL maps at 10 mA, 100 mA, and 500 mA from a differ-

ent area of the Q2T LED, where both the dark and bright

spots can be resolved. At 10 mA, the emission is dominated

by many small bright spots, around 3–10 lm in size (similar

to Fig. 1(c)). As the current increases, the contrast from the

bright spots drops and some of the dark spots become more

apparent; at 500 mA, the luminescence is significantly more

uniform, the COV having dropped from around 50% to 20%.

Using these maps, we are able to spatially resolve the lumi-

nescence efficiency across the region and Figure 6(d) plots

FIG. 5. Statistical correlation plots

between CL MQW intensity and

EBIC/CL peak centre for the 2 T ((a)

and (b)) and the Q2T ((c) and (d))

LEDs. The Pearson r value is a mea-

sure of the strength of the correlation;

a value of 1 denotes a perfect linear

correlation: �1 denotes a perfect anti-

correlation.

FIG. 6. EL intensity maps, from the

Q2T LED, at 10 mA (a), 100 mA (b),

and 500 mA (c). A pulsed current

source with a 4% duty cycle was used

to minimize heating effects. The plots

in (d) are relative efficiency curves

taken from several dark spots and

bright regions.
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L-I curves (intensity/current vs. current) for the average of

several bright spots, dark spots, and the overall map average

for several different currents. In the bright areas, efficiency

droop occurs at or just below 100 mA, but in the dark areas,

the onset of droop does not appear until several hundred

milliamperes, a further indication that non-radiative recom-

bination is more prevalent in the latter. More remarkable is

the fact that the curve for the average intensity is almost

identical to that of the dark spots. This would strongly sug-

gest that the overall efficiency curve shape observed for the

Q2T (and likely 1 T) devices is dominated by the dark spots,

and that the areas outside the dark spots are more similar to

the 2 T and T-B devices.

The low temperature capping of the quantum wells

before the temperature ramp was done to prevent the break

up of the InGaN on a nanoscale, but it has the unexpected

effect of producing the observed dark spots on a micron

scale. Potential causes were suggested (active region point

defect clustering) and others ruled out (threading dislocation)

in our previous work,16 but the fact that they do not appear

in the gappy QW devices indicates that the capping may, in

fact, be preventing an important annealing step, which in the

gappy QW devices anneals out these defects.

IV. CONCLUSION

In conclusion, we have demonstrated that the use of a si-

multaneous combination of cathodoluminescence hyperspec-

tral imaging and electron beam induced current mapping to

study the variations in luminescence and conductivity of

InGaN/GaN LEDs grown with different barrier temperature

profiles. Those devices where the quantum wells are

uncapped prior to being exposed to a high temperature (2 T

and T-B) were found to have uniform luminescence intensity

and an anti-correlation between CL and EBIC, on a micron

scale, due to competition between carrier recombination and

escape from the active region. Where the devices are grown

with a protective GaN low temperature cap (Q2T and 1 T),

the luminescence in both CL and EL is dominated by dark

spots 2–10 lm in size despite of having uniform quantum

well thicknesses on a nanoscale. These dark spots are found

to have a lower EBIC signal also indicating regions of non-

radiative recombination and possible carrier trapping. The

EL efficiency curves from the non-uniform samples vary

across the sample, with the bright regions being more similar

to the high temperature cap devices and the dark spots are

found to have lower droop and appear to dominate the over-

all LED efficiency curve. We believe that the 2 T growth

method represents the best manner, in which to grow LED

active regions, primarily because the high temperature ramp

upon the quantum wells effectively anneals out defects in the

InGaN.
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