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We study the impact of quantum-confined stark effect (QCSE) on bias dependent micro-

photoluminescence emission of the quantum disk (Q-disk) based nanowires light emitting diodes

(NWs-LED) exhibiting the amber colored emission. The NWs are found to be nitrogen polar (N-polar)

verified using KOH wet chemical etching and valence band spectrum analysis of high-resolution X-ray

photoelectron spectroscopy. The crystal structure and quality of the NWs were investigated by high-

angle annular dark field - scanning transmission electron microscopy. The LEDs were fabricated to

acquire the bias dependent micro-photoluminescence spectra. We observe a redshift and a blueshift of

the lPL peak in the forward and reverse bias conditions, respectively, with reference to zero bias,

which is in contrast to the metal-polar InGaN well-based LEDs in the literature. Such opposite shifts of

lPL peak emission observed for N-polar NWs-LEDs, in our study, are due to the change in the direc-

tion of the internal piezoelectric field. The quenching of PL intensity, under the reverse bias conditions,

is ascribed to the reduction of electron-hole overlap. Furthermore, the blueshift of lPL emission with

increasing excitation power reveals the suppression of QCSE resulting from the photo-generated car-

riers. Thereby, our study confirms the presence of QCSE for NWs-LEDs from both bias and power

dependent lPL measurements. Thus, this study serves to understand the QCSE in N-polar InGaN Q-

disk NWs-LEDs and other related wide-bandgap nitride nanowires, in general. VC 2018 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5021290

INTRODUCTION

III-V semiconducting materials are promising candidates

for electronic, piezo-electronic, and optoelectronics device appli-

cations due to their outstanding properties such as tunable direct

bandgap, thermal and chemical stability, high carrier mobility,

high power sustainability, and non-centrosymmetric crystal

structure.1–6 Although much progress has been achieved in the

growth of planar structures in the last few decades, the nano-

wires (NWs) technology has recently pursued as they exhibit

high crystalline quality, low defect density, and large surface-to-

volume ratio. The lithography-based selective area growth

(SAG) and vapor liquid solid (VLS) growth schemes are time-

consuming, complicated, lack of control over doping densities,

and crystalline quality.7,8 To overcome such difficulties, the

catalyst-free methods have been enormously employed to

achieve high-density self-assembled group-III nitride NWs/Si at

nitrogen-rich conditions.9–11 Though researchers achieved high-

efficiency NW based light emitting devices,12,13 avoiding the

strain and polarization induced internal electric fields, causing

quantum-confined stark effect (QCSE) at the interface of quan-

tum disk (Q-disk)/Q-dot and barrier, remains challenging.14,15

The internal piezoelectric fields having the magnitude of

1.2 MV/cm associated with the in-plane strain in InGaN/GaN

quantum wells (QWs) which decreases the overlap of electron

and hole wave functions.16,17 This spatial separation of wave-

functions results from the QCSE which was first demonstrated

for GaAs/AlGaAs QWs.18 However, the QCSE has been widely

reported for III-V metal-polar quantum well (QW) based devi-

ces.17–22 This is least studied for N-polar nanowire-based light

emitting diodes (LEDs) having the active region with the InGaN

quantum disks (Q-disks) that embedded between high-quality p

and n-type GaN NWs.14,23 The QCSE has deleterious effects on

the device performance by reducing the rate of recombination,

whereas it has less impact on cubic and non-polar wurtzite devi-

ces.24,25 In literature, QCSE was observed by employing power

and bias dependent photoluminescence (PL) and electrolumines-

cence (EL) studies on group III nitride-based devices.20–22

Several attempts were made to control the QCSE on the device

performance by varying the well or dot thickness, Si doping of

the QW, and cubic and non-polar epitaxy.15,25–27 Recently,

Young et al. achieved complete screening of polarization-

induced electric fields in c-plane (0001) InGaN/GaN QWs by

employing the same n- and p-doping of 10 nm layers immedi-

ately adjacent to the QW.22 On the other hand, Wang et al.
observed the suppression of QCSE for nanorod based device

structures formed by a top-down approach.28 Later, the coexis-

tence of QCSE along with localized states for InGaN/GaN NW

heterostructure having the emission centered at around 2.5 eV

has been demonstrated.14 Thus, in view of QCSE on NWs-

LEDs, common consensus has not arrived yet.

In this study, we prepare N-polar NW-LED device struc-

ture exhibiting an amber colored emission centered at around
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620 nm. The polarity of GaN NWs is determined by high-

resolution x-ray photoelectron spectroscopy (HRXPS) and

KOH wet etching experiments. Since the applied bias has the

same order of the internal piezoelectric field (106 V/cm)

associated with the in-plane strain at InGaN/GaN interface,

the bias-dependent lPL measurements were employed.

Thereby, the observed bias-dependent lPL shifts were uti-

lized to understand the fundamental insights of the QCSE on

the emission properties of N-polar NW-LEDs.

EXPERIMENTAL DETAILS

InGaN multi-quantum disks (MQDs) NWs-LED structure

was grown on Si(111) substrate using a Veeco GEN 930

plasma-assisted molecular beam epitaxy (PAMBE) at 700 �C.

The NWs device structure consists of ten InGaN Q-disks

(�3 nm), separated by a GaN-barrier (�7 nm) as an active

region which is embedded between p-GaN (�450 nm) and n-

GaN (�600 nm) NWs. A combination of an ion pump and a

cryopump is used to accomplish a base pressure of

3� 10�11Torr and oxygen partial pressure of <10�12 Torr, as

determined by a residual gas analyzer (RGA). The cleaning

procedure of Si(111) substrate can be found elsewhere.29

During growth, the nitrogen plasma source is operated with

the flow rate of 1.5 standard cubic centimeter per minute

(sccm) and RF-power of 350 W and group III metals are sup-

plied by standard Knudsen cell with beam equivalent pressure

(BEP) values of (In) 10� 10�8 and (Ga) 7� 10�8 Torr. Based

on the flux rates and XRD measurements, the estimated In

composition of InGaN well is �37%. Field Emission

Scanning Electron Microscope (FESEM), by Nova Nano FEI,

was employed to investigate the surface morphologies of the

NWs. The etching (40% KOH for 10 min) experiments and

the high-resolution x-ray photoelectron spectroscopy

(HRXPS) measurements were carried out to determine the

polarity of grown NWs. The details of HRXPS can be found

elsewhere.30 The crystallinity was investigated by high-angle

annular dark-field scanning transmission electron microscopy

(HAADF-STEM) operating a probe-corrected FEI Titan at an

acceleration voltage of 300 kV. Electron energy loss spectros-

copy (EELS) acquisition was performed by using Gatan’s GIF

Quantum of Model 966. The temperature dependent photolu-

minescence (TDPL) measurements were performed using

405 nm laser as an excitation source. We used the grown

device structures to fabricate NW LEDs with a mesa area of

500� 500 lm2, and the details can be found elsewhere.31,32

However, the schematic of the device is provided in a later

section of this article. The light power-current-voltage (L-I-V)

characteristics and electroluminescence (EL) spectra of the

NW-LEDs were acquired under direct current (DC) injection

using a microscope based EL system integrated with a

Keithley 2400 source meter, a Newport power meter (model

2936-C), and an Ocean Optics QE65000 spectrometer. The

light output power was measured from the top of the NW-

LEDs, through an optical microscope objective, using a cali-

brated Si photodiode connected to the optical power meter.

Using Horiba Aramis, bias and power dependent lPL mea-

surements were performed at room temperature (RT) on

LEDs with an excitation line of 473 nm.

RESULTS AND DISCUSSION

To investigate the surface morphology of samples,

FESEM is carried out. Figures 1(a) and 1(b) show the top

and tilted views of the FESEM images obtained on the NW

sample having ten pairs of InGaN MQDs as an active region.

Figure 1(c) shows the density of nanowires, calculated from

the plan view FESEM images, plotted as a function of nano-

wire diameter. The density and an average diameter of nano-

wires are estimated to be �6� 109 cm�2 and �100 nm,

respectively. From the cross-sectional FESEM images, the

length of the nanowires was determined to be �1.2 lm. We

observe the tapering of the NWs which is due to the shadow

effect and decrease in surface temperature that promotes lat-

eral growth with increasing length of the NWs.33 To deter-

mine the polarity of the grown GaN NWs, we performed

KOH etching test. The GaN NWs sample was kept in 40%

KOH solution for 10 min. Figures 1(d) and 1(e) show the

tilted view FESEM images of the pristine and KOH treated

GaN NWs, respectively, displaying the flat and pyramidal

tops of the NWs.34 The top pyramidal facets of GaN NWs in

Fig. 1(e) confirm the N-polarity of the wires. Further, this

has been verified by HRXPS valence band (VB) spectrum

collected on GaN NWs. Figure 1(f) shows HRXPS valence

band spectrum that acquired on GaN NWs. While collecting

the valence band (VB) spectrum, we employ 0� as takeoff

angle to detect the electrons emitted only from c-plane of the

nanowires. The intensity ratio of the peaks PII and PI indi-

cated in Fig. 1(f) is found to be 1.3 which confirms that the

polarity of the NWs is nitrogen polar.35,36 These results are

consistent with the reports by Hestroffer et al., where it has

been demonstrated that the MBE grown GaN NWs on

Si(111) substrates were prone to have N-polarity due to the

unintentional formation of SixNy/Si before the NWs

growth.37 Hence, KOH etching and HRXPS VB spectrum

analyses evidence the formation of N-polar GaN NWs on

Si(111).

HAADF-STEM studies were performed on the nanowire

consisting of 10 pairs of InGaN Q-disk/GaN barrier to evalu-

ate the crystalline structure, quality, and the thickness of

disks and barriers. Figure 2(a) shows the low-magnification

HAADF-STEM image acquired along the h11�20i zone axis.

This depicts that the NWs were vertically grown without

coalescence and tapered with increasing diameter from the

bottom (�25 nm) to top (�100 nm) while the length is

�1.2 lm. Figure 2(b) shows the high-magnification image of

the NW consisting of ten pairs of InGaN/GaN Q-disks which

were sandwiched between bottom n-GaN and top p-GaN

regions. Figure 2(c) is the high-resolution atomic lattice

image of Q-disks and barriers in MQDs which is represented

by a rectangle in Fig. 2(b). The barrier and the Q-disk were

observed to be very clear with the sharp interface regions as

shown in the high-resolution atomic lattice image, Fig. 2(c).

The thickness of Q-disk and barrier was measured to be �3

and �7 nm, respectively. From this lattice image, any defects

such as the stacking faults and misfit dislocations in the

active region were not observed.38 Figure 2(d) presents the

selected area electron diffraction (SAED) pattern for bright

field image Fig. 2(b) taken along the h11�20i zone axis which
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infers that the single crystalline wurtzite GaN NWs and

Q-disks were grown along the h0002i direction. STEM-

EELS imaging data sets were acquired to generate the ele-

mental maps of Ga and In elements by employing Ga

(1117 eV) and In (443 eV) EELS edges, respectively. The

elements Ga and In across the active region were, respec-

tively, represented by Red and Green colored pixels. Figure

2(e) depicts the elemental mapping acquired for five InGaN

Q-disks showing the existence of both Ga and In atoms at

the InGaN Q-disk and solely Ga at the counterparts. Figure

2(f) is the schematic illustration of a c-oriented nanowire

having ten Q-disks. Thus, these results reveal that the

absence of diffusion of In adatoms into the barrier layers

consequently results in a sharp interface.

To inquire the internal quantum efficiency (IQE) and

localized states from compositional inhomogeneity of InGaN

Q-disks, TDPL measurements were performed using 405 nm

laser as an excitation line. Figure 3(a) shows the TDPL mea-

surements from which the internal quantum efficiency (IQE)

is estimated to be �58%. This is a ratio of integrated PL

intensity at 300 K and 10 K (I300/I0), assuming that the non-

radiative recombination centers are frozen at 10 K.39 The

obtained IQE value is reasonably high as expected from the

STEM results described in Fig. 2. The full width at half max-

ima (FWHM) of RT PL spectrum is relatively higher

(�400 meV) than that of the blue LEDs, which is usual for

In-rich InGaN devices. Thermal quenching of PL mainly

involves two processes which are associated with the delo-

calization of carriers and activation of the extended defect

states. The first process requires lower activation energy than

FIG. 1. (a) and (b) FESEM images with a plan and tilted views of the NW sample having 10 pairs of InGaN Q-disks as an active region. 1(c) The density distri-

bution of NWs plotted as a function of NW diameter. 1(d) and 1(e) The tilted view of GaN NWs before and after KOH treatment. 1(f) The HRXPS valence

band spectrum acquired on GaN NWs with 0� takeoff angle.

FIG. 2. (a) and (b) The low and high magnification images of high-angle

annular dark field - scanning transmission electron microscopy (HAADF-

STEM) for a nanowire consisting of 10 pairs of Q-disk and barrier. (c) The

high-resolution atomic lattice image of Q-disks and barriers in the active

region. (d) The selective area electron diffraction (SAED) pattern acquired

in the region of p-GaN or n-GaN along h11�20i zone axis. (e) The STEM-

EELS elemental color maps (In-Green and Ga-Red) obtained only for five

pairs of Q-disks. (f) The schematic diagram of tapered nanowire having

Q-disks.
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the latter. By considering these two recombination channels,

the integrated intensity (IT) of TDPL at a temperature T

described by Arrhenius equation can be expressed as

IT ¼
I0

1þ Ae
�E1
kBT þ Be

�E2
kBT

; (1)

where I0 is the integrated intensity of the PL emission at 0 K,

kB is the Boltzmann constant, A and B are fitting constants,

and E1 and E2 are the activation energies of the processes

related, respectively, with the delocalization of carriers and

thermal quenching.40–42 Figure 3(b) describes the Arrhenius

fit, using Eq. (1), to the integrated intensities of TDPL pos-

sessing the best fit resulting in the two processes with activa-

tion energies E1 and E2 of 1.4 and 64 meV, respectively. The

lowest activation energy (E1) depicts the weak localization

effect. Moreover, as shown in the inset of Fig. 3(b), Varshni

fit is carried out to the TDPL peak energies using the follow-

ing equation:

ET
g ¼ E0

g �
aT2

T þ b
� r2

kBT
; (2)

where ET
g and E0

g are the PL emission energies at temperature

T and 0 K, and a and b are the Varshni parameters with the

fitting values of 4� 10�4 eV/K and 550 K, respectively. r
indicates the degree of localization effects and the more sig-

nificant value of r corresponds to the stronger localization

effect. In this case, fitted r value is as low as 0.1 meV which

is far less than the literature values43–45 indicating the

absence of localized states in Q-disks. Consequently, there is

no S shape behavior found in the inset of Fig. 3(b).31,39 This

observation is in good agreement with the obtained

extremely low activation energy E1 from the Arrhenius fit

due to the delocalization of the carriers. As a result,

Arrhenius and Varshni analyses of the TDPL data reveal that

the formed Q-disks are homogeneous in the composition

which is in good agreement with the HAADF-STEM results

shown in Figs. 2(b), 2(c), and 2(e). Thus, this confirms the

observed PL peak shift in the later section (Fig. 5) solely

related to the resultant internal fields.

To investigate the performance of the NW InGaN Q-

disk LEDs, L-I-V and EL characterizations were carried out

under dc bias conditions. Figure 4(a) illustrates the schematic

diagram of fabricated NWs Q-disk LED device. Figure 4(b)

describes the light output power-current-voltage (L-I-V)

characteristics of an LED with a mesa area of 500� 500

lm2 measured under dc bias, exhibiting constantly increas-

ing output power. The output power of the device at 15 mA

injection current is 40 lW with external quantum efficiency

(EQE) of �0.2%. The inset shows microscope image of

LED having the onset voltage of �2.5 V in the forward bias

(FB). The high onset voltage is due to the unintentional for-

mation of the silicon nitride (SixNy) intermediate dielectric

layer at the interface of Si and GaN NWs.11 Figure 4(c)

shows the stack of normalized EL emission peaks of the

device with increasing injected forward current. Any defect

related electroluminescence of devices was not observed in

the reverse bias (RB). Figure 4(d) presents the EL peak emis-

sion values and integrated intensity with increasing the for-

ward current. The insets of Fig. 4(d) depict the variation in

the color of LED emission with increasing the forward cur-

rent, which is in accordance with the EL shifts in Fig. 4(c).

The charge-coupled device (CCD) images represent the illu-

minated LEDs at respective injected currents. It has been

observed that EL peak has a blueshift of �25 nm with raising

integrated intensity as increasing the forward current. The

observed blueshift of the EL emission even at low injection

currents is due to the two-dimensional character of the short-

range Coulomb carrier screening between the interacting car-

riers within the InGaN Q-disks.46–48

FIG. 3. (a) The TDPL of NWs-LED structure, excited using 405 nm laser; (b) integrated PL intensity that plotted versus inverse temperature and the continu-

ous line is an Arrhenius fit using Eq. (1) to the data. Inset of (b) shows the temperature dependence of the PL emission peak of the MQDs where the solid line

represents the Varshni’s fit using Eq. (2) to the data points.
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In order to understand the role of the internal piezoelec-

tric field induced QCSE on PL peak position of InGaN

Q-disks embedded in N-polar GaN NWs, one must deter-

mine the direction of the electric field which is related with

the strain induced polarization. From the elastic theory of

wurtzite materials, the relation between the strain and the

piezoelectric polarization expressed in the following is used

to determine the direction of polarization:17

Pc ¼ 2d31 C11 þ C12 �
2C2

13

C33

� �
eInGaN=GaN

a ; (3)

where Pc is the polarization along c direction, d31 is piezo-

electric modulus, C11, C12, C13, and C33 are the elastic con-

stants, and ea is the in-plane compressive strain (<0). Hence,

for InGaN (Q-disk)/GaN (barrier) system, strain induced

polarization is positive (Pc > 0) pointing along [0001]. As a

consequence, the direction of the piezoelectric field in the N-

polar devices directs along ½000�1�.17 Thereby, for our device,

the direction of internal electric field induced by the piezo-

polarization points from the substrate to surface. Figure 5(a)

is an equivalent circuit of NWs device where the LED sym-

bol represents single NW LED, while the resistance in series

to the NW results from both the individual NW device and

unintentionally formed thin SixNy layer. Hence, the LED can

be treated as an ensemble of several NW-LEDs situated in

parallel.49 Thereby, for instance, when the applied bias is

3 V, each Q-disk experiences the field of �106 V/cm which

is as similar value as the strain-induced internal piezoelectric

field for InGaN/GaN system.20 Therefore, bias dependent PL

studies can be utilized to explore the additional important

insights of the QCSE of N-polar devices. The external field

was employed by sweeping the voltage from negative

(�4 V) to forward (5 V) bias. The forward bias was applied

solely up to 5 V slightly higher than the onset voltage (2.5 V)

of the device to avoid the effect of LED emission on the lPL

FIG. 4. (a) Schematic illustration of the fabricated device. (b) L-I-V characteristics of NWs-LED having the area of 500� 500 lm2 and the inset shows the

microscope image of NWs-LED operating at 6 V. (c) Normalized EL emission peaks, of the device with increasing injected forward currents, shifted vertically

for clarity. (d) Variation of EL peak emissions and integrated intensity with increasing injection current. The respective charge-coupled device (CCD) images

represent the uniformly illuminated LEDs at respective injected currents. The inset shows the EL emission peaks with increasing forward current.
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peak wavelength. As shown in Fig. 5(b), under forward bias,

the LED shows the enhanced lPL intensity with a significant

blueshift from PL spectrum acquired at zero bias. Further

increase of forward bias (>3 V) resulted in no significant

blueshift which is due to the dominant electroluminescent

emission of LED. On the other hand, PL intensity drastically

reduces with increasing reverse bias with a substantial red-

shift in the peak position with respect to the unbiased peak.

Figure 5(c) shows the values of photocurrent (Y-axis) and

redshift in PL peak emission (alternate Y-axis) with increas-

ing the reverse bias. The PL intensity given in Fig. 5(b)

decreases with reverse bias in contrast to the photocurrent in

Fig. 5(c). Thereby, the quenching of PL intensity, under the

reverse bias conditions, is solely due to the reduction of

electron-hole overlap which lowers the IQE, consequently,

the PL intensity.50 Thus, this is not a consequence of the

sweep out of charge carriers from the InGaN Q-disks. The

PL redshift in the reverse bias is due to the enhancement of

QCSE which is an immediate consequence of the superposi-

tion of both internal piezo and external electric fields in the

same direction. The variation of PL intensity and shifts are

in accordance with the directions represented in Fig. 5(d) for

N-polar wurtzite crystals. Figure 5(e) shows the schematic

band diagram of single Q-disk with biased and unbiased

conditions. Thus, forward bias reduces the resultant field in

the Q-disk, while reverse bias increases it. As a consequence,

bias dependent PL shifts for N-polar Q-disks in this study

are observed to be reversed in comparison with the reported

PL shifts of metal polar QWs,16,17,20,22 which can be

ascribed to the reverse direction of the piezoelectric field for

the N-polarity of NW-LEDs emitting around 620 nm. Hence,

this study provides fundamental insights in determining the

polarity of the devices.

Moreover, to understand the recombination processes

involved in lPL spectra of the device, the dependency of the

excitation power on the PL peak emission and integrated

intensity were studied. Figure 6 and the corresponding inset

show the excitation power (P) dependence on the PL intensity

(I). This is commonly studied using a power law I � Pa,

where the exponent (a) depicts the type of carrier recombina-

tion.51,52 The observed linear dependence (a � 1), shown in

the respective inset, indicates the weak localization effect.

This is in agreement with the TDPL analysis of Fig. 3.

Furthermore, screening of the internal electric field in InGaN/

GaN Q-disks is explained by the photo-generated carriers

which occupy degenerate Q-disk states thereby results in the

overlap of the electron and hole wave functions. This results

in a screening of QCSE; consequently, a blueshift of the

FIG. 5. (a) The equivalent circuit of the NWs LED device where each LED symbol represents individual NW-LED. (b) The bias dependent lPL excited with

473 nm laser. (c) The values of photocurrent (Y-axis) and redshift in PL peak emission (alternate Y-axis) with increasing the reverse bias. (d) The direction of

internal piezo and external electric field with respect to the [000ı̄] direction of N-polar wurtzite crystal structure. (e) Schematic for the variation in band profiles

for reverse bias (RB), zero bias (ZB), and forward bias (FB).
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characteristic PL signal with increasing excitation power is

observed.53

CONCLUSIONS

In summary, the NWs device structure having ten InGaN

Q-disks as an active region was grown on Si(111) substrates

using PAMBE. The polarity of GaN NWs is shown to be

N-polar using KOH etching test and HRXPS valence band spec-

trum. These NWs-LED structures are of high quality and

dislocation-free material which is investigated based on the

HADF-STEM and SAED analyses. This high crystal quality of

NWs also confirmed by the TDPL and power dependent PL

which show the absence of localized defect states in InGaN Q-

disks. Further, the LEDs were fabricated to study the QCSE on

bias dependent micro-photoluminescence of NWs-LED. We

observe a redshift and blueshift of the lPL peak emission in the

forward and reverse bias with respect to that of zero bias, respec-

tively, which is in contrast to the metal-polar InGaN well-based

LEDs in the literature. The opposite shifts of lPL emission

observed in our study are due to the change in the direction of

the internal piezoelectric field for N-polar NWs-LEDs. The

blueshift of lPL emission with increasing excitation power

reveals the suppression of QCSE resulting from the photo-

generated carriers. Therefore, our study confirms the presence of

QCSE for NWs-LEDs from both bias and power dependent

lPL measurements. Moreover, for N-polar NWs devices, the

QCSE can be suppressed on the device performance since the

rate of recombination increases by the compensation of the inter-

nal and external fields. Thus, the PL shifts observed in this study

facilitate to understand the impact of QCSE on the emission

wavelength of NWs-LEDs, thereby carrier recombination rates.
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