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Micron-scale mapping has been employed to study a contacted InGaN/GaN LED using combined

electroluminescence (EL), cathodoluminescence (CL), and electron beam induced current (EBIC).

Correlations between parameters, such as the EBIC and CL intensity, were studied as a function of

applied bias. The CL and EBIC maps reveal small areas, 2–10 lm in size, which have increased

nonradiative recombination rate and/or a lower conductivity. The CL emission from these spots is

blue shifted, by 30–40 meV. Increasing the reverse bias causes the size of the spots to decrease, due

to competition between in-plane diffusion and drift in the growth direction. EL mapping shows

large bright areas (�100 lm) which also have increased EBIC, indicating domains of increased

conductivity in the p and/or n-GaN. VC 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4890497]

I. INTRODUCTION

Progress in the field of gallium nitride optoelectronics has

been rapid over the last decade or so, with blue and white light

emitting diodes (LEDs) and laser diodes firmly embedded in

the marketplace. With this commercialization, there is a grow-

ing interest in the effects of variations in the LED micro-

structure of device performance.1 Cathodoluminescence (CL)

is a powerful technique for probing the luminescence charac-

teristics of LED structures due to its high spatial resolution

and range of excitation conditions. Panchromatic and mono-

chromatic CL mapping provide spatial information on the var-

iation in intensity, of either the total luminescence or that of a

single band, respectively. CL hyperspectral imaging—the re-

cording of a full spectrum at each pixel in a scan—has proven

to be of significant use in mapping and correlating variations

in the spectral emission parameters of epilayers,2,3 multi-

quantum well (MQW) heterostructures,4 and optoelectronic

nanostructures.5–7 However, luminescence is just one of the

many consequences of the interaction of the electron beam

with the material. If the device under excitation is connected

to a closed circuit, a portion of the generated charge carriers

can escape the material and be measured as the electron beam

induced current (EBIC), provided there is a driving force in

the circuit. In LEDs, the built-in field at the p–n junction acts

as a driving force to separate excess carriers generated in the

depletion region. EBIC can act as a complementary technique

to CL because it adds further information about the behavior

of generated charge carriers.3,8,9 They will undergo one of

three mutually exclusive processes: radiative recombination,

nonradiative recombination or escape to the circuit. This is

represented by the following equation:

G ¼ RNR þ RR þ IEBIC=q; (1)

where G is the generation rate, RNR and RR the non radiative

and radiative recombination rates, respectively and IEBIC the

EBIC current. Since CL gives a measure of RR and EBIC

directly measures IEBIC, an indirect measure of relative non-

radiative recombination is made possible by simultaneous

measurement of CL and EBIC.

Carrier recombination and transport in LEDs are also

strongly influenced by the applied electric field, both across

the whole depletion region in the form of carrier overshoot

and capture10–13 and also in the quantum wells themselves

via tunneling13,14 and the quantum-confined Stark effect

(QCSE).15 Consequently, the applied voltage greatly affects

the intensity and spectral characteristics of the CL spectrum

as well as the EBIC. Both drift (Eq. (2)), whereby excess

electrons and holes are swept out of the depletion region by

the net field, and tunneling (Eq. (3)) through the quantum

barriers, act to remove carriers from the active region:

Jdrift / F; (2)

Jtunnel / expð�DE=FÞ; (3)

where Jtunnel and Jdrift are the components of the current den-

sity due to tunneling and drift, respectively, DE is the barrier

height and F the electric field.

Above the LED turn-on voltage forward diffusion cur-

rent dominates and electroluminescence (EL) occurs due to

recombination of the injected carriers. Thus to avoid overlap

of CL and EL signals all electron beam measurements were

made below the turn-on voltage when the EL intensity is

low. When a reverse bias is applied, the junction field

strength and the width of the depletion region both increase.

This has the effect of increasing the induced current at the

expense of the rates of both forms of recombination. Under
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forward bias, the field is compensated, reducing carrier loss

mechanisms and leading to an increase in recombination in

the active region.

The field also affects the spectral characteristics of the

luminescence via the QCSE. In InGaN/GaN quantum wells

grown along the polar c-axis, the difference in the piezoelec-

tric constants of GaN and InGaN results in band bending in

the quantum barriers and wells due to the sheet charge build

up at each well/barrier interface. In our devices, this induced

piezoelectric field is in the opposite direction to the built-in

field of the p–n junction. As such, forward biasing the diode

increases the magnitude of the band bending in the quantum

wells, increasing the redshift, while a reverse bias acts to flat-

ten the band and blueshift the near-band-edge emission.

In this paper, we have used a combined CL/EBIC tech-

nique, with applied bias, to spatially map the variations of,

and correlation between, the optical and electronic properties

of an InGaN/GaN LED.

II. METHOD

The LED samples were grown by metal organic chemi-

cal vapor deposition (MOCVD) on (0001) sapphire, with a

2 lm n-type GaN layer doped to 5� 1018 cm�3, a 5-period

InGaN/GaN MQW active region emitting at around 490 nm

and a 140 nm p-GaN cap with a measured carrier concentra-

tion of 3� 1017 cm�3. The quantum wells and GaN barriers

were 2.4 6 0.1 nm and 6.9 6 0.1 nm, respectively. The grown

wafers were processed into 1� 1 mm2 mesa etched, side

contacted LEDs with an� 10 nm thick oxidized 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.

We performed electron beam measurements at room

temperature using the scanning stage of modified electron

probe microanalyser (EPMA). Due to the thickness of the p-

type GaN layer on top of the active region, we used a beam

voltage of 10 kV so that the maximum of the carrier genera-

tion profile lay close to the depletion region of the LED.

Since the luminescence of interest is from the quantum

wells, this is the optimal acceleration voltage; using a lower

or higher voltage/penetration depth would mean that quan-

tum well luminescence observed would come from gener-

ated charge carriers which had to diffuse through the p-GaN

or n-GaN (respectively) to the active region. To reduce any

damage to the sample, which would have affected subse-

quent measurements of a given area, we used a low beam

current of 1 nA and defocused the spot to a diameter of 1 lm.

A DC source/measure unit (Keithley 2401) was used to

drive the devices and also to record the beam induced cur-

rent. The applied bias was varied from �2 V toþ 1.5 V in

0.5 V steps. The stage was scanned and at each point in the

stage scan a full CL spectrum was collected by a CCD cam-

era to build up a hyperspectral data-set. The CCD was set to

trigger the source/measure unit to take readings of the beam

induced current at each spectral acquisition, building up a

beam induced current image simultaneously with the CL

hyperspectral image. We analyzed the hyperspectral data

sets using our own software and fitted each spectrum with a

Voigt peak to extract 2D maps of peak intensity, position,

and width. The induced current maps were corrected for the

diode “dark” current at each voltage by subtracting from ev-

ery pixel a fixed value of the current, measured while the

beam was switched off. Unless otherwise stated, all EBIC

results presented are based on these corrected currents, i.e.,

only the extra current which the electron beam itself induces.

Maps of the EBIC were plotted and analysed using the same

software to compare the luminescence spectra to the induced

current across the scanned area. Electroluminescence (EL)

mapping was also performed by using a 8 lm pinhole as the

entrance aperture of the spectrometer, producing maps with

a spatial resolution of around 3 lm.

III. RESULTS

Figure 1 shows typical spectra (b) and maps of fitted CL

intensity (a), and EBIC (c) of a 49� 44 lm2 region of the

LED from a device at short circuit (0 V). The dominant fea-

tures in each map are patches around 5–10 lm in size which

appear dark in both the CL and EBIC and also blue shifted.

Given the independent nature of the three processes

described in Eq. (1) these areas must have a higher rate of

nonradiative recombination. The background signal in both

these maps appears uniform, but this is not unexpected since

InGaN (Ref. 16) material unlike binary GaN (Ref. 17) is

found to be generally non uniform in EBIC and CL. Fig 1(d)

plots the average MQW CL intensity and induced current for

each map (averaged over all the pixels in the map) as a func-

tion of bias and shows their reciprocal nature, whereby the

increase in electric field draws carriers away from the active

region. The changes in CL and EBIC are not linear and

increase significantly at around �0.5 V, due to the flattening

of the band structure around the p–n junction beyond this

point.

A comparison of the electron beam measurements with

the EL was made in order to investigate if the variations seen

in the CL affect the luminescence uniformity of the device

when under operation. Mapping of coincident CL, EBIC,

and EL is shown in Figure 2. The area mapped is a different

one to that from Fig. 1 but is from the same die. The dark

spots are apparent in all three of the CL, EBIC, and EL maps

although with lower resolution in the EL due to the limiting

size of the collection pinhole. However, additional features

are visible in both the EL and EBIC. Large filament type

structures with bright contrast run across the mapped area in

the EBIC and EL data. These areas also correlate with a sig-

nificant blueshift, of around 30 meV, in the EL emission

peak. The EL was measured at 100 mA (the CL/EBIC was

collected, as before, at 0 V) where the dominant effect upon

the emission wavelength is likely to be screening of the

QCSE by the high free carrier density (heating effects were

reduced by using a pulsed current source with 4% duty

cycle). However, no such contrast exists in the CL. A lower

nonradiative recombination rate would be consistent with the

increased EL and EBIC, but increased brightness in the CL

would be expected if that were the cause. Only variations in

and around quantum wells will contribute to the CL, and so
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the bright filament areas in the EL and EBIC could come

from patches of increased conductivity in the p-type and/or

n-type layer which do not directly affect CL intensity. Such

areas would have higher carrier densities and would there-

fore be brighter in EL, allow a larger EBIC to escape from

the depletion region. This would also explain the approxi-

mate 30–40 meV blue shift which is observed in these areas.

Higher free carrier density would act to screen the built-in

piezoelectric fields, counteract the band bending in the quan-

tum wells and so reduce the QCSE which would blueshift

the emission peak.

The change in CL and EBIC as a function is bias is

shown in Figure 3 where maps collected with the device

under biases of þ1.5 V, 0 V, and �2 V are shown. As shown

FIG. 1. Maps acquired of the LED at

0 V of (a) the fitted CL peak intensity,

(b) the fitted CL peak center and (c)

the electron beam induced current (d)

CL intensity (squares) and EBIC

(circles) vs. applied bias.

FIG. 2. Maps, from a different area

showing the correlation between CL

(a), EBIC (b) (both at 0 V), and EL in-

tensity (c) and peak position (d) at

100 mA, 3.2 V.
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in Fig. 1(d), a drop in voltage from þ1.5 V to �2 V causes

the CL intensity to decrease and the induced current to

increase, which fits the model of a larger electric field driv-

ing carriers out of the active region. It is evident from the CL

maps that as the electric field in the junction is increased

(i.e., a more negative applied bias) both the size and number

of the dark features appears to decrease. To quantify the

change, linescans were extracted from across several dark

spots on the CL intensity and EBIC maps at each bias. The

scans from þ1.5 V and �2 V in the CL are shown in Fig.

4(a). The traces show that the width of the dark areas is

markedly reduced as the reverse bias increases. The size of

the spots was estimated by measuring the FWHM of the cen-

tral dips in the linescan and the results for all 8 maps in the

bias series are shown in Fig. 4(b). In the CL case, there is a

linear increase in feature size from about 3 lm to 7 lm as the

junction field is decreased. The EBIC data show no clear

change in spot size with bias. The error bars in the plots are

due to the variation in the sizes of the dark spots across the

sample. In the CL data, the error bar seem to decrease closer

to 0 V though it is not obvious why this would be the case.

The spot size increase is within the plane of the quantum

well, while the processes of carrier capture and escape are

primarily in the growth direction, perpendicular to the plane

of the wells. When the band structure in the c-direction (out-

side the quantum wells) is flatter (i.e., at forward bias), these

processes are slower due to reduced drift velocity, giving the

carriers longer to diffuse within the QW plane before recom-

bining, thus explaining the increased feature sizes in CL.

The invariance of the EBIC size is likely due to the fact that

the EBIC current consists mostly of charge carriers which

have drifted out of the active region, as opposed to tunnel-

ing.9 The carriers have a kinetic energy too large to be cap-

tured by the quantum wells and therefore are not sensitive to

diffusion in the quantum well plane. Since the CL comes

only from the quantum wells themselves we infer that EBIC

contrast on this scale is affected by variation somewhere in

the active region. However, since the majority of our EBIC

FIG. 3. Maps of the cathodoluminescence intensity (a)–(c) and EBIC (d)–(f) at þ1.5, 0, and �2 V. The blue line in (b) shows the line scan which is presented

in Figure 4(a).

FIG. 4. (a) CL linescans taken from across the single dark spot indicated on

map, at þ1.5 V (solid line) and �2 V (dashed line), and (b) estimated size of

dark feature in CL (circles) and EBIC (squares) vs. bias.

033105-4 Wallace et al. J. Appl. Phys. 116, 033105 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.159.24.44 On: Thu, 24 Jul 2014 13:46:00



current is due to carriers not captured by the quantum wells,9

we must conclude that whatever defect causes the decrease

in CL intensity inside the quantum wells, must also affect

the entire depletion region. This implies that variation in the

EBIC is observed on two levels: firstly in the large scale fila-

ment structures which, due to correlation with higher EL in-

tensity and emission energy and lack of correlation with CL,

are likely due to variations in conductivity in the p/n type

layers. Second, a spottiness in the optically active region

which correlates with the dark spots in CL.

The CL from spectra the dark spots are also found to be

blueshifted, with respect to the background, by between 10

and 40 meV depending on applied bias. At 0 V the blue shift

is approximately 20 meV, as seen in Figure 5(a). Fig. 5(b)

shows example spectra taken from a dark spot and a bright

area at þ1.5 V, 0 V, and �1.5 V. Only the peak associated

with the quantum well is shown. The rising background on

the low energy side could be attributed to parasitic cyan emis-

sion1 or the yellow defect band, excited in the n-GaN by the

electron beam. In each of the series of spectra, there is an

approximately two orders of magnitude drop in intensity,

accompanied by a blue shift. Fig. 5(c) plots the peak position,

as a function of bias, for an average of several dark spots and

bright areas and the difference between these two values. The

graph shows that, while the emission from the dark and bright

areas both red shift with increasing bias, the peaks in the dark

spot spectra only shift by around 30 meV with those from the

brighter areas changing by almost twice as much. The voltage

drop across the active region acts to change the potential

inside the quantum wells. Assuming an abrupt p–i–n junction,

the field in the depletion region can be expressed as18

Edp ¼
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vbi Vbi � Vað Þ

p

W0

; (4)

where Edp is the electric field across the depletion region, Vbi

is the built-in voltage, Va is the applied bias, and W0 is the

width of the depletion region in thermal equilibrium. Using

the values of Nd and Na quoted in the introduction along with

literature values of the intrinsic carrier concentration of GaN,

Vbi and W0 were calculated, respectively, to be 3.3 V

and� 100 nm. Since our concern is the effect of the change
in bias upon the change in transition energy it was sufficient

to calculate the electric field, using eqn 4, at the two extremes

of our applied biases (61.5 V). The change in electric field

was found to be 3.085� 105 V/cm. Across each quantum well

of 2.4 nm, the resultant change in potential energy of the

charge carriers is 3.12� 105 V/cm� 2.4 nm¼ 74 mV, or

74 meV per charge carrier.

The experimentally observed shift, in the bright regions,

of� 61 meV, is within 15% of the calculated effect of the

change in bias. The difference could be due to a number of

factors. Firstly, the change in carrier energy is not trivially

linked to the potential energy change in the well due to the

offset added to the band structure by the QCSE. Secondly,

based on previous arguments, the number of electron/hole

pairs in and around the depletion region is not invariant with

applied bias; at larger reverse biases more charge contributes

to the EBIC. As a consequence, the screening of the QCSE

also diminishes and this would reduce the observed blue-

shift as the reverse bias increases: in effect adding a linear

offset to the peak position plot. Given these additional

effects, it is likely that the biggest contribution to the peak

shift in the bright areas is the change in electric field caused

by the applied bias. In the dark regions however, the shift is

much smaller and this implies that something more compli-

cated is going on here; in order for the 30 meV shift seen in

these areas to be accounted for purely by the change in

applied electric field would require either a lower electric

field across the depletion region or a reduction in the thick-

ness of the quantum wells. A more probable cause is related

to the correlation of the peak position with the lower EBIC

and CL intensity. An explanation for the dark spots based

purely on areas of increased nonradiative recombination

FIG. 5. (a) Map of the fitted cathodolu-

minescence spectral peak energy at

0 V; (b) Sample spectra, centered on

the MQW emission band, from bright

area (solid lines) and dark spot (dashed

lines) at �1.5, 0 and þ1.5 V; (c) peak

position as a function of bias for bright

area (circles), dark spots (squares) and

the difference (triangles) (the dashed

lines are guides to the eye); and (d)

subtraction of dark area spectrum from

bright area spectrum at þ1.5 V highest

peak in the from a bright area, lowest

from a dark area and the dotted line is

the difference.

033105-5 Wallace et al. J. Appl. Phys. 116, 033105 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.159.24.44 On: Thu, 24 Jul 2014 13:46:00



cannot account for the large blue shift. The drop in EBIC

could be due to increased trapping of carriers in these area

by defects. This extra charge would act to blue shift the spec-

tra through screening of the QCSE. This explains both the

difference in peak positions between the dark spots and

bright areas and why the change in peak position occurs at a

different rate, as a function of bias, in the two areas.

The presence of dark CL/EBIC spots on a 2–10 lm scale

is intriguing and possible causes are now considered. Leading

candidates would be the effects of decomposition of the

InGaN within the quantum wells or the impact of threading

dislocations (TDs). Local variations in the InN content, or in

the well thicknesses (which have the same effect19), occur on

a nanometer scale. These average out on a micron scale and

would not cause the features observed in the EBIC/CL.

Electron channeling contrast imaging (ECCI)20 has been used

to estimate the TD density, which is found to be around

5� 108 cm�2. Based on this density, the number of TDs in

our 2500 lm2 area would be over 10 000 and we can con-

clude that the observed dark spots are not due to individual

dislocations. Clustering of dislocations is possible but no evi-

dence for TD clustering on the relevant scale can be seen in

atomic force microscopy (AFM) images from devices where

the growth has been terminated after the active region. The

observed blueshift of the dark spots relative to the back-

ground, together with the change in the shift of the CL peaks

with applied bias, indicate that they are associated with a

trapping of charge on the micron scale in the active region.

The charge traps increase non-radiative recombination in the

QWs within the dark spots and a likely candidate is a cluster-

ing of point defects within the active region.

IV. CONCLUSION

In conclusion, we have used a combination of cathodo-

luminescence and beam induced current under applied bias

to simultaneously investigate the luminescence and conduc-

tivity variations across an InGaN/GaN LED as a function of

the electric field across the active region. Large domains (�
100 lm) of increased conductivity in either the p-type or n-

type material were revealed by a correlation of bright con-

trast in EL and EBIC, with an absence of correlation in CL

indicating that the effect does not originate in the quantum

wells. Small regions in the quantum wells, around 2–10 lm

across, were found to yield lower signals for both cathodolu-

minescence and beam induced current, indicating areas of

increased nonradiative recombination. The observed sizes of

the dark spots in the CL maps change with applied bias,

becoming larger as the field across the depletion region is

reduced and the free carriers are able to diffuse further in the

plane of the quantum well before recombining. The spectral

emission was blue shifted within the dark regions, possibly

due to an increase in carrier trapping in the depletion region

and subsequent increased screening of the QCSE.
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