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Non-planar GaInN/GaN light-emitting diodes were epitaxially grown to exhibit steps for enhanced

light emission. By means of a large off-cut of the epitaxial growth plane from the c-plane (0.06� to
2.24�), surface morphologies of steps and inclined terraces that resemble fish scale patterns could

controllably be achieved. These patterns penetrate the active region without deteriorating the

electrical device performance. We find conditions leading to a large increase in light-output power

over the virtually on-axis device and over planar sapphire references. The process is found suitable

to enhance light extraction even without post-growth processing. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4769442]

GaN-based light emitting diodes (LEDs) are poised to

displace conventional incandescent and fluorescent lighting

on the grounds of higher energy efficiency and reliability. In

a first generation, a combination of blue LEDs and rare earth

phosphors was used to create light that appears white to the

human eye when directly looked at. Next, however, better

color rendering, higher efficiency, and lower cost will be

achieved by phosphor-free composite white lamps that sepa-

rately provide several colors by direct emitting LEDs.1 For

the high optical power densities required, preference must be

given to epitaxial approaches that already include the light

extraction design. Optical waveguiding in standard planar

structures is prone to the trapping of light and thereby reduc-

ing overall efficiency.2 Approaches to overcome those limita-

tions include patterning of a transparent substrate, e.g., LEDs

on patterned sapphire3 or to roughen the emission surface of

the epilayer itself, e.g., by crystallographic wet etching of the

N-face GaN surface of flip-chip LEDs.4 In other methods, the

p-doped GaN layer or the p-contact is roughened.5,6

It can be speculated that light extraction should be most

efficient when the pattern penetrates the active region itself.7

Any top-down etching process, however, is likely to intro-

duce defects in the active region that leads to non-radiative

losses and increased leakage current. Therefore, we here pres-

ent a method by which a patterning of the active region is

introduced bottom-up during the epitaxial growth. We show

that this can be achieved on highly off-cut GaN templates.

c-plane grown bulk GaN templates (size 1 cm2) were

prepared to various off-cut (or miscut) angles. Per inspec-

tion, this miscut occurred in a direction approximately along

h21�30i. Off-cut angles of 0.06�, 0.70�, and 2.24� were

obtained as specified by the maximum value across the sam-

ple piece. The substrates then were chemo-mechanically pol-

ished (CMP) on both c-sides. For comparison, a reference

planar GaN template on single-side polished sapphire was

prepared. That sapphire had a 0.25� off-cut towards the

m-direction, specified as a wafer mean value. Before initiating

homoepitaxy, the bulk GaN pieces were slightly etched in hot

AZ400K for 10min and then cleaned in hydrofluoric acid for

10min. This step also creates features of pyramidal shapes on

the N-face backside to a roughness of 1lm (root mean square

(RMS)), similar to the backside of the sapphire wafer. On the

front side, however, no changes to the smooth surface are

observed. Then, full LED structures were grown by metal or-

ganic vapor phase epitaxy (MOVPE). The structure includes

an n-GaN layer, 8 pairs of GaInN/GaN quantum wells (QWs),

a Mg-doped-AlGaN electron-blocking layer, and a p-GaN top

layer.8 After Mg-dopant activation, LED dies of size

350� 350lm2 were fabricated. A mesa was formed by induc-

tively coupled plasma reactive ion etch (ICP-RIE) in Cl2/BCl3
chemistry. Ti/Al/Ti/Au (20 nm/100 nm/45 nm/55 nm) was de-

posited as n-contact and annealed in N2, and semitransparent

Ni/Au (5 nm/5 nm) was used as p-contact and annealed in O2.

For best possible direct comparison, the LEDs on 0.06� and

0.70� off-cut GaN as well as on the sapphire-based template

were grown in the same epitaxy run. The structure on 2.24�

off-cut GaN was grown in a separate, but nominally identical

run. Resulting structures are laboratory-scale epitaxy samples

of typical LED geometry. These samples and resulting per-

formance characteristics should not be confused with fully

fabricated, encapsulated, packaged, and properly cooled LED

lamps as available commercially.

An upper limit of the internal quantum efficiency (IQE)

as a function of laser irradiance was determined by dividing

the photoluminescence (PL) efficiency at room temperature

by the maximum PL efficiency at 4K. Here, the PL efficiency

is given by the ratio of PL intensity to the external excitation

laser intensity. For excitation, a 405 nm laser was chosen to

excite the QWs directly, but not the GaN barrier and contact

layers. Cathodoluminescence (CL) was performed at room

temperature with an acceleration voltage of 10 kV. Electrolu-

minescence (EL) was collected from the substrate side into the

1 cm diameter entrance of an integrating sphere and analyzed

by a CCD-spectrometer. The measurement system was spec-

trally calibrated using a NIST-traceable light source.
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All completed structures show a pronounced step-like

surface pattern in optical microscopy in Nomarski mode

(Figs. 1(a)–1(d)). In particular, the material with the highest

off-cut angle of 2.24� shows a pronounced pattern resem-

bling fish scales (Fig. 1(c)) with steps found oriented roughly

perpendicular to the approximately h21�30i off-cut direction.
The surface morphology of the 0.06� off-cut (Fig. 1(a)) and

the 0.70� off-cut (Fig. 1(b)) templates, however, shows step-

like features that run along an ½2�1�10� a-axis of GaN, i.e., it
seems decoupled from the off-cut direction. Surface height

profiles were taken with a stylus profilometer along a path

across the steps (Figs. 1(e)–1(h)). The profiles reveal quasi-

periodic asymmetric trapezoidal surface features. The linear

height variations can be described by a surface roughness

yielding values of 16 nm RMS (0.06� off-cut), 28 nm RMS

(0.70�), 66 nm RMS (2.24�), and 9 nm RMS (0.25�). The dif-
ference in surface roughness is also evident in the micro-

scope images in Figs. 1(a) and 1(b). From the profile traces,

the slopes of the terraces are estimated as 0.27� (0.06� off-

cut), 0.16� (0.70�), and 1.6� (2.24�). Apparently, the off-cut

angle is well preserved throughout the full LED structure

growth only for the 2.24� off-cut substrate.

The observed patterns are not just a surface feature. A

cross-sectional SEM image (Fig. 1(i), 2.24� off-cut) reveals

that the interface of active region and p-GaN, to a large

extend, runs parallel to the patterned top surface. Apparently,

the QWs themselves must have grown in a non-planar con-

figuration. The steps at the terrace edges have a finite slope

and therefore include crystallographic planes different from

the terrace tops. Both aspects may lead to a distinctive

behavior of the LED performance.

The spatial wavelength distribution was studied by CL

(Fig. 2). The area-integrated spectra (Fig. 2(g)) on a log in-

tensity scale show a wide wavelength distribution in all

structures. Peak wavelengths of 503 nm (0.06� off-cut),

507 nm (0.70�), 485 nm (2.24�), and 514 nm (0.25�) are

found. The maximum signal in the bulk GaN-based material

is slightly lower than in the sapphire-based reference. The

CL spatial maps of the 2.24� off-cut material (Figs. 2(a)–

2(c)) show strong emission near the step edges. Apparently,

emission from areas of steep slopes dominates over that of

flat areas. This feature is pronounced when analyzing the CL

intensity map at 485 nm, the wavelength of the peak emis-

sion (Fig. 2(b)). At shorter wavelength, the same distribution

is seen (Fig. 2(a), 470 nm), while contrast is weaker for lon-

ger wavelength (Fig. 2(c), 500 nm). For the 0.70� off-cut

material, the monochromatic CL intensity map at 507 nm

FIG. 1. Surface morphology after LED growth on off-cut GaN and sapphire.

(a)-(d) Nomarski microscope images revealing step-like patterns. The inset

shows a magnified view of (c). (e) and (f) Surface profiles showing steps and

terrace structures. (i) SEM cross-section of 2.24� off-cut LED.

FIG. 2. Monochromatic CL intensity maps for (a)-(c) 2.24� off-cut and (d)-

(f) 0.70� off-cut samples after full LED growth. The detection wavelengths

are (a) 470 nm, (b) 485 nm (emission peak), (c) 500 nm, (d) 490 nm, (e)

507 nm (emission peak), and (f) 520 nm. For both structures, it is evident

that the correlation of the emission with the surface features is the strongest

for the shorter wavelength tail. If (d) and (f) are compared, the emission pat-

terns are found to be complementary. (g) Integrated CL spectra of all four

samples.
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(Fig. 2(e)) shows a spatial correlation with the surface mor-

phology features of that structure (Fig. 1). The shorter wave-

length emission side (Fig. 2(d)) exhibits intensity maxima in

repeating patterns along the edges of the inclined step fea-

tures, while the longer wavelength emission side is uni-

formly distributed in the remaining areas (Fig. 2(f)). These

features on the 0.70� LED are markedly different from those

on the 2.24� off-cut LED, however, common to both struc-

tures is a peak emission intensity that strongly correlates spa-

tially with the top surface morphology. This proves that the

active QW regions themselves already contain the patterns,

which are then replicated in the observed surface patterns.

The morphology patterns should also affect LED device

performance. Light output power (LOP) vs. current density

for the different structures is shown in Fig. 3. At a current

density of 50A/cm2, the following LOP was obtained: 1.1

mW (0.06� off-cut), 3.4 mW (0.70�), 4.1 mW (2.24�) on

GaN, and 1.8 mW (0.25�) on sapphire. The forward voltage

at this current density was 6.9V (0.06� off-cut), 6.2V

(0.70�), 13V (2.24�), and 5.3V (0.25�). The reverse leakage

current at �5V was less than 8 lA for all devices. Appa-

rently, within the GaN-based LED set the output power

increases with increasing off-cut angle by up to 3.7 times.

This trend clearly dominates over any observed die-to-die

variations. The maximum, achieved at 2.24� off-cut, exceeds
the sapphire based reference structure by a factor of 2.2 at

50A/cm2. The far-field pattern of the top surface EL was an-

alyzed in all samples. The intensity maximum was observed

at various angles in reference to the macroscopic wafer nor-

mal: 3.5� (0.06� off-cut), 1.8� (0.70�), and 9.5� (2.24�).
While the distinction between the first two values may lie in

the limits of the alignment accuracy of the die, the later value

clearly sticks out. Apparently, this deviation is of the order

of the inclination of the c-plane growth surfaces. The exter-

nal quantum efficiency (EQE) for the 2.24� off-cut structure
(Fig. 4(a)) reaches 4.7% (at 10A/cm2) despite collecting

only light emitted through the bare substrate backside in this

experiment. Under variation of current density from 5 to

50A/cm2, a wavelength blue-shift of 10–15 nm is seen in all

samples. The peak wavelengths at 50A/cm2 are 499 nm

(0.06� off-cut), 505 nm (0.70�), 471 nm (2.24�), and 509 nm

(0.25�). The high forward voltage (Vf), especially for the

2.24� off-cut LED, is believed to be a result of non-optimal

doping conditions in the contact layers. A high Vf leads to

Joule heating, and an increased temperature may have some

effect on efficiency.9 If the patterns were to introduce addi-

tional defects in the active layer, the corresponding increased

leakage current should have lowered the forward voltage.

Since this is not the case, we conclude the achievement of

terrace patterning without the introduction of leakage paths.

PL as a function of excitation laser pump intensity of

the LEDs on GaN is compared to the sapphire reference in

Fig. 4(b) and interpreted in terms of an upper limit of IQE in

Fig. 4(c)). For the given arrangements, we estimate that a

pump intensity of 100W/cm2 corresponds to a current den-

sity of about 5A/cm2. The 2.24� off-cut device shows a satu-
ration of both, PL efficiency and derived IQE within the

measured excitation range, and overall has the lowest PL ef-

ficiency and IQE. The LED on 0.70� off-cut GaN shows the

best IQE of the devices on GaN, but the 0.25� off-cut sap-

phire reference reaches the highest absolute values. In terms

of PL efficiencies, however, both are comparable at room

temperature. At highest excitation densities, the 0.70� GaN-

based device is slightly better. The 2.24� off-cut device

shows both, the lowest PL efficiency and lowest IQE.

FIG. 3. Light output power as function of drive current density for the differ-

ent structures. The LED on 2.24� off-cut GaN shows the best performance

over a wide range of current densities.

FIG. 4. (a) EQE as function of drive current density. (b) PL efficiencies at

4K and room temperature (RT) as function of laser irradiance. (c) Upper

limit of IQE calculated from the data in (b). The IQE curves mostly reflect

the PL efficiency trends at RT. The LEDs on 0.70� and 2.24� off-cut GaN

show higher EQE than the reference on sapphire for high current density,

but overall have lower IQE.
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An interpretation of these results should not aim at a per-

formance comparison between GaN- and sapphire-based

LEDs since both substrates induce different defect densities

and light extraction efficiencies, which cannot be controlled

for here. Instead, the comparison shall provide evidence of

the relevance of the differentiation within the GaN-based

structures by means of the fish scale terrace approach. The

results of primary interest are those of EL. They do not reflect

the trends seen in PL well. This suggests that either current

injection or optical excitation conditions may vary from sam-

ple to sample. Such a finding is not unexpected and empha-

sizes the need for multiple characterization approaches. We

find that the LED with the highest off-cut angle of 2.24�,
which also has the largest surface roughness, shows the high-

est EQE over a range of medium current densities. This in

part must be attributed to the shorter emission wavelength

obtained, about 30 nm shorter than the 0.70� off-cut LED.

The 0.70� off-cut structure, however, maintains a 3.0-fold

power advantage (at 50A/cm2) over the virtually on-axis sub-

strate (0.06�). The LED on sapphire can serve as reference

for the device performance at similar wavelength. The per-

formance of this reference lies in meaningful agreement with

the overall trend of our standard LED epi performance. Yet,

its performance should not be confused with that of fully fab-

ricated commercial LED lamps, where aspects such as die

size, encapsulation, packaging, and cooling have been opti-

mized. Within the meaningful comparison, the superior per-

formance of the two highly off-cut LEDs shows that strong

texturing of the active region and top surface has benefits

over smoother layers. In PL, the 2.24� off-cut structure shows
the lowest efficiency, indicating strong non-radiative recom-

bination even at low temperature. This is in line with the low

values seen in the derived upper limit of IQE and could be

related to the inhomogeneous distribution of CL emission

along the terrace steps (see Figs. 2(a) and 2(b)), where the

dark areas on the terrace edges are attributed to non-radiative

recombination.

While the fish scale patterns seem to be controlled to

run perpendicular to the off-cut direction, the patterns on the

lower off-cut structures (0.06� and 0.70�) do not appear to be

controlled in this way. Therefore, we propose that the driving

force behind the formation of the fish scale pattern is the

large angle of off-cut. By using substrates with different off-

cut angles, the surface morphology could be controlled and it

is believed that the increased light output results from

increased light scattering at the patterns and the wedge shap-

ing of the sample on a macroscopic length scale. The current

patterns are on the order of micrometers, and additional

roughening on the nanometer scale could be employed. We

speculate that such a double pattering can enhance light

extraction even more.

The use of off-cut substrate in heteroepitaxy of GaN-

based LEDs on sapphire has been reported in the literature.

However, in that case, a decreasing device performance has

been found when the off-cut was increased10 from 0.2� to

1.0�, and attributed to the generation of high densities of

misfit and threading dislocations. In the here presented case,

however, epitaxy occurs on the smooth c-plane oriented ter-

races of GaN, while the overall sample miscut is established

only as individual steps on a macroscopic length scale. The

mode of epitaxial growth, therefore, should primarily be

identical to the well established c-plane cases. Apparently,

the approach so far seems to work better on bulk GaN based

material in homo-epitaxy.

In summary, we have demonstrated that growth of

LEDs on substrates with rather large off-cut angles leads to

self-organizing patterns, the details of which depend on the

magnitude and direction of off-cut inclination. Within the

GaN substrate set, the LOP of such LEDs was highest for the

2.24� off-cut LED. It showed a 3.7-fold improvement com-

pared to the LED on the smallest off-cut substrate, and a 2.2-

fold increase compared to the sapphire-based reference. The

patterns are found to penetrate the active region without

introducing relevant current electrical leakage. From com-

paring IQE and EQE, we assign the performance enhance-

ment to be primarily the result of enhanced light extraction

in the induced trapezoidal growth and corresponding surface

morphology. The approach should be useful for a wide range

of future device designs in the area of energy efficient solid

state lighting.
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