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a b s t r a c t

We investigate the effect of InGaN stress compensation layer on the properties of light
emitting diodes based on InGaN/GaN multiple quantum well (MQW) structures with step-
graded electron injectors. Insertion of an InGaN stress compensation layer between n-GaN
and the step graded electron injector provides, among others, strain reduction in the MQW
region and as a result improves epitaxial quality that can be observed by 15-fold decrease
of V-pit density. We observed more uniform distribution of In between quantum wells in
MQW region from results of electro- and photoluminescence measurement. These struc-
tural improvements lead to increasing of radiant intensity by a factor of 1.7e2.0 and
enhancement of LED efficiency by 40%.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Gallium nitride is a wide band gap semiconductor that is widely used for ultraviolet, blue, and green light emitting diodes
(LEDs) intended for backlighting, automotive headlights, communications, wireless optical networking (Li-Fi) and general
lighting. Standard InGaN/GaN LED dies consist of InGaN multiple quantum well (MQW) active regions separated by GaN or
low In content InGaN barriers sandwiched between highly doped n- and p-type gallium nitride layers to confine the carriers
[1]. Despite extensive use of InGaN/GaNMQWs in blue LEDs, there still remain physical and technical problems which need to
be overcome. A central limiting factor is the lack of inexpensive large-area bulk GaN substrates for epitaxial growth [2].
Therefore, vast majority of InGaN LEDs are grown on foreign substrates with associated structural defects and residual strain.
In view of high temperatures and chemically aggressive environment required for the growth of GaN epitaxial layers, high
thermal and chemical stability of sapphire together with its low cost and availability make it a natural substrate choice for
GaN-based semiconductor devices. However, large lattice mismatch between sapphire and GaN (~16%) [3] results in high
stress that partially relaxes through defect generation, giving rise to high densities of threading dislocations (TDs). GaN based
oratories, Department of Physics, Bilkent University, Ankara, 06800 Turkey.
eremet), atillaaydinli@uludag.edu.tr (A. Aydınlı).

mailto:sheremet@bilkent.edu.tr
mailto:atillaaydinli@uludag.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.spmi.2018.02.002&domain=pdf
www.sciencedirect.com/science/journal/07496036
www.elsevier.com/locate/superlattices
https://doi.org/10.1016/j.spmi.2018.02.002
https://doi.org/10.1016/j.spmi.2018.02.002
https://doi.org/10.1016/j.spmi.2018.02.002


V. Sheremet et al. / Superlattices and Microstructures 116 (2018) 253e261254
device epitaxy requires extra effort to reduce lattice mismatch induced defect densities that can cause leakage currents,
siphoning carriers from radiative processes. The TD density can be lowered to ~108 cm�2 and below only with the use of
special techniques such as epitaxial lateral overgrowth with in situ deposited Si3N4 nanoporous mask (frequently dubbed as
nano-ELO technique) [4e6].

The reasons for efficient recombination in InGaN/GaNQWs despite the presence of high defect densities that would lead to
rapid degradation of LED characteristics in other III-V semiconductors such as GaAs and InP are still being debated. The most
commonly proposed reason is localization of charge carriers in the QW planes, not allowing them to take part in nonradiative
recombination [7e9]. There is some evidence that high lattice mismatch between the InN and GaN binaries (11%) leads to
strain in the LED active regions and hence the amount of indium that can be incorporated into InGaN layers is somewhat
limited [10e12]. Partial strain relaxation in InGaN QWs can lead to In-rich nanocluster formation through local compositional
fluctuations in InGaN, resulting in strong carrier localization in the QW plane [7e9,11,13e15]. This prevents capture of charge
carriers by nonradiative recombination centers associated with high density of threading dislocations [11,13e15]. Although,
high degree of localization can hurt the LED efficiency by reducing active LED area. On the other hand, 3D atom probe
measurements [16e18] suggest that InGaN in QWs is a random alloy, and hence, In rich regions do not exist. An alternative
explanation of the observed high efficiency in the presence of large number of defects involves the antilocalization theory
[19,20]. Due to smaller QW widths, and therefore, higher confinement in the V-shaped hexagonal pits that appear on the
threading dislocations, a potential barrier of the order of 400meV is formed in the vicinity of the pits. This barrier keeps
charge carriers away from the dislocations and the associated defects and mitigates nonradiative recombination [19,20].

Growth of InGaN/GaN LED structures on c-plane sapphire surfaces, as compared to semi- and non-polar orientations, has
the advantage of achieving lower defect densities. However, a major disadvantage of this polar orientation is the presence of
high polarization fields [11,21]. Large spontaneous and piezoelectric fields in the biaxially compressive strained InGaN QWs
lead to separation of electrons and holes within a given QW [10,11,21,22]. Reduced carrier wavefunction overlap caused by the
Quantum Confined Stark Effect (QCSE) decreases the recombination rate and emission efficiency, particularly, at low injection
[23e25]. To mitigate this problem, the thickness of QWs in InGaN/GaN polarized heterostructures is limited to 2e3 nm [24].
QCSE can also be mitigated by screening with the help of doping quantum well barriers, using nonpolar or semipolar ori-
entations, and replacing the GaN quantum barriers with InGaN [21,25,26].

Another alternative approach to minimize the effect of QCSE while also enhancing InN solubility in InGaN/GaN QWs is
employing an additional low In content InGaN layer inserted between n-GaN and the MQW region of the LED structure,
frequently dubbed as pre-strained growth [12,21,27e34]. Growth of this thick low indium content layer below the MQW
active region results in reduction of strain in the QWs and improvement in the active region quality. As a stress compensation
layer (SCL) superlattices based on InGaN have also been used [23,25,35]. In overall, SCL can pave the way to more uniform in-
plane indium composition in the QWs [36], reduction of threading dislocations which have been quantified in terms of V-pit
densities [23,25,35,37], improving electrostatic discharge properties [36] and improving current spreading by acting as an
electron reservoir [34,36,38]. As a result, LEDs featuring a SCL exhibit much shorter carrier lifetimes [36,39] and show
enhanced internal quantum efficiencies [25] as well as increased optical power output [34,39]. It should be noted that most of
the works mentioned above are devoted to research conducted on small die sizes with dimensions of the order of
300� 300 mm2. However, understanding the nature of the above mentioned effects is of great importance for high power
LEDs that in general have dimensions on the order of 1�1 mm2.

A further problem that limits the performance of InGaN/GaN LEDs is the ballistic and quasi-ballistic electron overflow
through theMQWactive region [40,41]. Commonly, this problem is overcome using an electron blocking layer of awider band
gap material such as AlGaN between MQW region and p-GaN [1]. However, due to the accompanying valence band
discontinuity that can exceed 0.08 eV for the commonly used Al0.15Ga0.85N layer, an electron blocking layer can also
compromise hole injection to the active region [42]. Use of an InGaN staircase, step-graded, or continuously graded electron
injector, as proposed in Refs. [40e43], is expected to cool electrons before their injection to the active region, preventing their
overflowwithout impeding the hole transport. The electron injector layer, because of its gradually increasing indium content,
can compensate stress in quantum well region as well.

In this work, we report on the effects of InGaN SCL on the electrical and optical performance of InGaN blue LEDs with step-
graded electron injectors (SGEI) (InxGa1-xN with x varying from 0.04 to 0.1 in 7 steps). We studied the effect of SCL on
properties of epitaxial structures as well as properties of LED dies of 1�1 mm2 area. We demonstrate that using SCL in LED
epiwafers can decrease strain and improve indium incorporation in QWs, and as a result, reduce defect density in the active
layers, and therefore, enhance the radiative recombination efficiency of blue InGaN LEDs.

2. Experimental

InGaN MQW based LED structures used in this work were grown by metalorganic chemical vapor deposition (MOCVD)
technique on c-plane sapphire substrates. To improve crystal quality and decrease threading dislocation density, epitaxial
lateral overgrowth with the aid of in-situ Si3N4 masks was utilized [4e6]. Epitaxial structure consists of 10-mm-thick undoped
GaN, followed by 4-mm n-GaN (3$1018 cm�3). For LED A, a 7 step SGEI InxGa1-xN (x¼ 0.04 to 0.1 with 3 nm thickness for each
step) was grown directly on the n-GaN layer. For LED B, a 60 nm In0.03Ga0.97N SCL was inserted between n-GaN and SGEI. For
both samples, MQW region consists of 6� 2 nm In0.15Ga0.85N QWs separated by 3 nm-thick In0.06Ga0.94N barriers. A 100 nm
thick p-GaN (4$1017 cm�3) completes the device structure. Square mesas with interdigitated electrode patterns were
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fabricated with different contact pad to p-n junction edge distances (d¼ 50, 100, 150 and 200 mm). They were formed by
inductively coupled plasma (ICP) etching using BCl3:Cl2 chemistry. LED dies edges were passivated by 250 nm plasma-
enhanced chemical vapor deposition (PECVD) grown SiO2 immediately after ICP etching. Ohmic contacts to n-GaN were
formed by using Ti(30 nm)/Al(50 nm)/TiB2(50 nm)/Au(70 nm) stack subjected to rapid thermal annealing (RTA) in N2 at
T¼ 800 �C for 30 s. For current spreading layer and ohmic contact to p-GaN, Ni(5 nm)/Au(5 nm)/ITO(120 nm) stacks were
used with Ti(30 nm)/Au(50 nm) contact pads. The structures of fabricated LEDs are shown in Fig. 1.

Electrical properties of fabricated LED dies were measured using a Keithley 2430 source and measurement unit. Elec-
troluminescence (EL) spectra and power output of LEDs were measured by Instrument Systems spectrometer CAS 140CT.
Photoluminescence (PL) measurements of LED wafers were performed by using a He-Cd laser with 325 nm emission
wavelength and maximum power of 50mW. The PL spectra were collected using Horiba Jobin Yvon U1000 double mono-
chromator and a CCD detector.
3. Results and discussion

Spatial distributions of optical emission of biased LED dies of type A and B recorded under the same light collection
conditions using an optical microscope are presented in Fig. 2. Light output intensity from LED B is significantly higher than
that from LED A. While the light emission between the n-type contacts and p-type fingers is homogenous at the macroscopic
scale, there are differences at the microscopic scale. Sample Awithout SCL shows peculiar dark lines mostly perpendicular to
the contact fingers while the sample with the InGaN SCL (LED B) does not demonstrate such features. Dark lines can be
associated with nonradiative recombination centers and can be construed as evidence of dislocations or In compositional
fluctuation due to compressive strain in the InGaN quantum wells for samples without SCL [11,13e15].

In Fig. 3a, representative I-V characteristics of dies with d¼ 150 mm are shown. Average series resistance values for these
LEDs were 11U and 13U and turn on voltage was equal to 2.8 and 3.3 V for LEDs A and B, respectively. I-V characteristics from
dies with different d values exhibit slight variations, and the series resistances of LED dies A and B vary within ±18% with
changing d. In spite of the small differences in electrical properties of LEDs A and B, there is a notable difference in radiant
intensities of these devices (Fig. 3b). Radiant intensity from LED Bwith SCL is 1.7e2.0 times higher than that for LEDAwithout
SCL (Fig. 3b). Consequently, the peak efficiency of LEDs with SCL is nearly 40% higher (Fig. 3b). The efficiency roll-off at 33 A/
cm2 current density was calculated as 22% for both LEDs A and B, indicating that the efficiency droop does not depend on the
existence of SCL for samples investigated in this study. Electrical and radiant LED dies properties measurement results
indicate that nonradiative processes have significant role for LED without SCL.
Fig. 1. Structures of LED dies without (a) and with (b) In0.03Ga0.97N stress compensation layer. The distance from the contact pad to the edge of the mesa is
labeled, d.



Fig. 2. Optical microscope images of emission from LED dies without stress compensation layer (LED A) (a) and with stress compensation layer (LED B) (b).

V. Sheremet et al. / Superlattices and Microstructures 116 (2018) 253e261256
The differences discussed above in light emission properties of LEDs can be attributed to higher stress in samples without
SCL that can result in increased QCSE and defect density or higher In fluctuation in the QW InGaN compounds causing larger
charge carrier localization. Carrier localization [7e9,11,13e15] in the plane of the QWs as a result of In fluctuation in InGaN
compounds can decrease active LED die area and QCSEmay be responsible for decreasing of charge carrier recombination that
in turn causes a decrease in efficiency [13,15,23e25]. To reveal possible mechanisms responsible for this behavior, we
carefully analyzed electroluminescence spectra of LED structures at different injection levels.

As one can see from Fig. 4 insertion of SCL leads to a slight blue-shift in EL peaks, which may be the result of lower In
content in QW of LED B although conditions for epiwafer growth were the same for both LEDs. EL spectra of LED A at low
currents (Fig. 4b) display two distinct peaks at 447 and 470 nm,with the latter being dominant at very low injection (<18mA).
With increasing current, the low energy peak slightly blue-shifts and can be observed as a clear shoulder on the EL spectrum
up to 150mA. At low currents, emission mostly originates from the top QWs due to low mobility of holes. This suggests that
QWs close to p-GaN have higher In incorporation. Stress relaxation by defect generation can be responsible for drastic
increasing of In incorporation in QWs [44]. At currents> 40mA, the high energy peak becomes dominant and slightly blue-
shifts with increasing current up to 146mA. With increasing injection, deeper QWs start contributing to emission. In the case
of LED B, only a single peak is apparent at 442 nm even at low currents.

Fig. 5 displays peak wavelength for LEDs A and B as a function of injection current. With increasing injection current from
0 to 150mA, the peak wavelength blue-shifts for both LEDs. For LED A the peak wavelength is shifted from 446.8 to 443.5 nm
(by 21meV), and LED B that has SCL exhibits a blue-shift from 442.0 nm to 440.3 nm (by 11meV). This blue-shift can be a
result of QCSE screening as well as band filling [10,28,45]. We emphasize that blue-shift with increasing injection in LED A is
twice that in LED B, which suggests smaller strain and QCSE in LED B [45]. With increasing current injection beyond 150mA,
EL peaks red-shift from 443.5 nm to 444.5 nm (by 6.3meV) and from 440.3 nm to 441.6 nm (by 8.3meV) for LEDs A and B,
respectively. This red-shift can be attributed to Joule heating of dies, which increases the dispersion of the carrier distribution,
and to bandgap renormalization caused by high carrier density in the active region [10,28,45].

To understand the observed difference in emission wavelength from LEDs with and without SCL and the role of the stress
in decreasing the efficiency of LEDs with SGEI and without SCL, we performed photoluminescence (PL) experiments under
325 nm excitation from a He-Cd laser. PL spectra at 7 K and 300 K are presented in Fig. 6. The emission below 380 nm (not
shown) is associatedwith emission from SCL (LED B) as well as the n-GaN template. The use of the high-pass filter to block the
scattered laser light does not allow to distinguish the corresponding peaks accurately. PL features observed near 405 nm
(3.07 eV) for the sample without SCL and 410 nm (3.03 eV) for the sample with SCL are associated with SGEI [23]. These
observations indicate higher In incorporation in SGEI of LED B with SCL that can be a result of lower strain in the SGEI.

QWemission at 7 K give peaks at 435 nm (2.858 eV) and 444 nm (2.800 eV) for LEDs A and B, respectively. The difference of
58meV can be attributed to a higher In content in QWs of LED B, by more than 1% according to [46]. Full width at half
maximum (FWHM) values of PL peaks from QWs are 15.3 nm and 12.6 nm (i.e., 80 and 100meV) for LEDs A and B, respec-
tively. The narrower peak and 44% higher PL intensity for LED B can be attributed to better crystal quality and homogeneity in
In distribution.

As the temperature is increased to 300 K, we observe a negligible red-shift of the PL peak for quantumwells to 445 nm and
a 34 times drop in PL intensity, compared to that at 7 K, for LED B. With increasing temperature, the QW PL peak in LEDA red-
shifts more (5 nm) and reduces more drastically (57 times) compared to LED B. Larger PL red-shift confirms higher strain in



Fig. 3. Representative I-V characteristics (a), efficiency and radiant intensity dependencies on current density of LEDs (b) without (solid symbols) and with (hollow symbols) SCL for d¼ 150 mm electrode separation
distance and (c) percentile changes compared to LED A in series resistances (DRs), peak efficiencies (DEff) and radiant intensities (DRI) of LED B dies with d¼ 50, 100, 150 and 200 mm.
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Fig. 4. EL spectra of LEDs without (LED A) (a, b) and with (LED B) (c,d) stress compensation layer measured at currents 4e290mA. The right panels show the EL
spectra at low currents in linear scale.
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LED A epiwafer. A shoulder peak around 460e470 nm, which can be attributed to phase separation in MQWs [47] was
observed for both LEDs in the 7K PL spectra. A broad yellow band emission, attributed to recombination at extended crystal
defects; dislocations, grain boundaries, gallium and nitrogen vacancies and related complexes in GaN [37,48], is also visible for
both LEDs.

Screening of polarization field (e.g., reducing QCSE) via carrier injection is expected to result in increased PL peak intensity
accompanied by a blue-shift [37]. In our case, insertion of SCL results in increasing of PL peak intensity with a red-shift. This
behavior is opposite of what is expected for the elimination of QCSE. Therefore, red-shift of the PL peak suggests higher In
content in the QWs of LED B. Obtained PL spectra peaks positions are in contrast with the EL spectra. EL spectra peaks show
shorter emission wavelength for the sample with SCL (LED B). The observed discrepancy can be explained by the variation in
In composition across the QWs and the fact that the EL spectrum originates mainly from the QWs closer to p-GaN because of
short migration distance of holes, especially at lower currents, and the PL spectrum has equal contributions from the QWs
that are further from the episurface [12,27,32].

Defect generation is one of the avenues for strain relaxation. From a study of the epitaxial surface features, one can see that
the V-pit density in LEDA (9$105 cm�2) is much larger than that in LED B (6$104 cm�2) (Fig. 7). Higher rms value of the surface
roughness obtained from atomic force microscopy (AFM)measurements of 2.5� 2.5 mm area (not shown) for LED A (1.36 nm)
compared to that for LED B (0.8 nm) is one more evidence of higher defect density in LED without SCL.

The results presented above, in aggregate, suggest that the 60 nm In0.03Ga0.97N SCL allows to relax stress by defect gen-
eration after exceeding the critical thickness. According to literature [49,50] critical thickness for alloy with 3% of In is lower
than 60 nm. As a result of stress relaxation in SCL, stress in the SGEI is lower and allows to incorporate 10% of In in LED B
instead of 9% as in the case of LED A. As a result of stress relaxation, distribution of In in different QWs of LED B MQW active
region is more uniform as we can see from PL results. Stress in MQWarea increases with increasing number of QWs, resulting
in lower In incorporation in top QWs as can be seen from blue-shift of EL spectra peaks. In the case of LED A without SCL,



Fig. 5. Peak wavelength of LEDs with (LED B) and without (LED A) stress compensation layer.

Fig. 6. Photoluminescence spectra of LED samples with (LED B) and without (LED A) SCL under 325 nm excitation from a He-Cd laser.
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relaxation takes place after exceeding the critical thickness in MQW region. This results in higher In incorporation in relaxed
top QWs. EL spectra at low currents exhibit a 470 nm dominant peak, which originates from the top QWs due to limited
mobility of holes in GaN based LEDs and supports the expectation of high In incorporation (up to 20%) in top QWs. 15 times
higher V-pit density on the surface of LED A suggests that this relaxation is associated with defect generation in the MQW
region.

In aggregate one can see that using of SCL for LED structures with SGEI decreases stress preventing relaxation by defect
generation in MQW region, enhancing LED optical output and its efficiency.



Fig. 7. Optical microscope images of wafer surfaces of (a) LED A and (b) LED B.
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4. Conclusions

We have investigated InGaN/GaN MQW blue LED structures with step graded electron injectors used for electron cooling
and thus mitigation of electron overflow. Specifically, we studied the effect of a 60 nm thick In0.03Ga0.97N stress compensation
layer grown between n-GaN and the SGEI region, on the properties of LEDs. Efficiency was found to be 40% higher for LEDs
with SCL due to improved crystallinity. EL and PL measurements revealed that SCL improves In incorporation, decreases In
clustering, and decreases V-pit defect density by a factor of 15.
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