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Conventional aluminum nitride (AlN) template fabrication techniques, like hydride vapour phase epitaxy or AlN 
growth on patterned sapphire substrates, usually lead to step-bunched template surfaces. The resulting macrosteps 
cause emission broadening or even multiple-peak characteristics of ultraviolet light-emitting diodes (UV LEDs) fab-
ricated on such AlN templates. In order to reduce these macrosteps and to provide a smoother surface, even without 
the need of a thick AlN deposition, a two-layer growth procedure is reported here. A three-dimensional (3D) – two-
dimensional (2D) sequential growth initiates a significant modification of the previous AlN surface morphology and 
simultaneously limits the evolving tensile strain. A primarily step-bunched surface with a surface roughness root 
mean square of 1.8 nm is successfully reduced by the two-layer growth procedure down to 0.8 nm, without any film 
cracking. This distinct roughness reduction of more than 50% is achieved within an AlN thickness of only 1.3 µm. 
With a smoother surface, the electroluminescence characteristic of a UV LED structure is substantially improved. 
Instead of a double-peak emission, typical for LEDs grown on step-bunched templates, a single-peak emission and 
lower spectral width were achieved, indicating the high potential of the suggested two-layer technique for improving 
performance.
Keywords: MOVPE, AlN, step-bunching

1. Introduction

UV LEDs operating in the  UV–C spectral range 
nowadays attract a considerable attention. They en-
able numerous applications ranging from gas sens-
ing and curing to water purification and steriliza-
tion, at the same time being superior to commonly 
used mercury-based UV discharge lamps in terms 
of non-toxicity, compactness and robustness [1, 2]. 
To succeed in applications like water purification, 
UV–C LEDs require a high light output power, and 
thus a high internal and external quantum efficiency 
(IQE, EQE) [1]. The device efficiency correlates with 
the crystalline quality of the epitaxially grown films 

forming the UV LED [3]. Hence, suitable substrates 
or templates for the  growth of aluminium gallium 
nitride (AlGaN)-based UV LEDs are indispensa-
ble for high device efficiency. High-quality Al-rich 
AlGaN layers grown on native substrates have been 
demonstrated, enabling a  high IQE  [4, 5]. Since 
commercially available native AlN substrates for ho-
moepitaxy are still rare, AlN templates on sapphire 
substrates generally serve as pseudo-substrates. Due 
to a high lattice mismatch and differences in thermal 
expansion coefficients, the  growth of AlN on sap-
phire generically suffers from a high threading dis-
location density (TDD) [2, 6]. As stated, the under-
lying template is crucial for the device performance; 
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therefore, the crystalline quality of the AlN deposited 
on sapphire substrates has to be addressed [3]. Among 
various approaches for high-quality AlN grown on 
sapphire substrates, e.g. multilayer growth [2, 6, 7] 
or high-temperature annealing of AlN films [8, 9], 
the  deposition by hydride vapour phase epitaxy 
(HVPE) [10, 11] and the growth on nano-patterned 
sapphire substrates (nano-PSS) by metalorganic va-
pour phase epitaxy (MOVPE)  [12–15] have been 
shown to be promising. However, the AlN surface 
morphology caused by the last two techniques is of-
ten defined by macrosteps [11, 13–15]. While their 
onset is still not fully understood, Bryan et al. stat-
ed that step-bunching is mainly a  result of surface 
kinetics rather than of film strain state and arises 
due to high Al-adatom diffusion lengths  [16–18]. 
The  key parameter is the  vapour phase supersatu-
ration controlling the  Al-adatom diffusion length. 
If the diffusion length exceeds the substrate terrace 
width, induced by a substrate miscut, step-bunching 
is enabled. Typical AlN growth parameters like high 
growth temperatures correspond to a low supersatu-
ration, consequently leading to high Al-adatom dif-
fusion lengths and to macrostepping. Such a growth 
mode is characteristic of HVPE, as well as of AlN 
growth on nano-PSS by MOVPE due to high growth 
temperatures needed to favour coalescence.

Despite few reported advantages of step-bunch-
ing, like current micropaths in the subsequent clad-
ding layers and carrier localization in the  active 
region induced by a composition and thickness inho-
mogeneity in the AlGaN film [19, 20], the interface 
roughness of the basic AlN layer affects the overall 
UV LED performance by broadening the emission 
spectrum or even evolving a multiple-peak emission 
which is usually detrimental [18]. It is therefore de-
sirable to transform AlN templates with macrosteps 
into step-flow morphology, yielding a  flat surface 
and consequently sharp interfaces, and well-defined 
quantum well structures in the  active region for a 
highly efficient UV LED device performance.

In this work, a  route towards modification of 
macrostepped AlN surface morphology into step-
flows is developed by taking into account the  in-
duced tensile strain state and potential cracking 
serving as a strain relaxation mechanism  [21]. To 
modify the morphology and strain state, we pursued 
a two-layer AlN deposition with a 3D–2D sequence. 
The suitability of this technique is tested by evaluat-
ing the  electroluminescence (EL) emission spectra 

of a subsequently grown AlGaN-based heterostruc-
ture including multi-quantum wells in the  UV–C 
emission range.

2. Experiment

The test structures were grown by MOVPE on 
2-inch c-plane sapphire substrates with a miscut 
of 0.2° towards the m-plane. The standard precur-
sors, trimethyl-aluminum (TMAl), trimethyl-gal-
lium (TMGa) and ammonia (NH3), with hydrogen 
(H2) and nitrogen (N2) as diluent gases, were used.

A template with an artificially created step-
bunched surface was deposited by MOVPE 
serving as a  model system for AlN deposition 
techniques, which usually exhibit such a  char-
acteristic morphology. The  step-bunched AlN 
templates were obtained by a  low temperature 
nucleation step followed by a  high temperature 
growth (>1250°C). These layers served as a basis 
for further experiments. The  subsequent two-
layer growth process on such step-bunched tem-
plates contained the deposition of an intermedi-
ate layer (IL, 3D growth) followed by second layer 
(SL) deposition (2D growth). The  300 nm thick 
IL was grown at a fixed V/III ratio of ~2400, a re-
actor pressure of 100 mbar and a  TMAl molar 
flow rate of 140 µmol min–1. The IL process tem-
perature (Tproc) was varied from 1000 to 1200°C in 
50°C steps. We established the  SL deposition, to 
promote step-flow growth of the AlN, by chang-
ing the NH3 flow rate compared to the IL, result-
ing in a V/III ratio of ~38. The SL thickness was 
kept constant at 1 µm, the process temperature at 
1160°C. The reactor pressure and the molar flow 
rate of TMAl remained unchanged for both lay-
ers. The  subsequent AlGaN-based heterostruc-
ture consists of 200  nm undoped Al0.70Ga0.30N, 
1300  nm n-type Al0.70Ga0.30N:Si and five pairs of 
3  nm Al0.50Ga0.50N/11 nm Al0.63Ga0.37N forming 
the multiquantum wells (MQWs). The MQWs are 
followed by 30 nm p-type AlGaN:Mg and 500 nm 
p-GaN:Mg.

The crystal and surface quality of the templates 
before and after the  AlN MOVPE growth were 
investigated by X-ray diffraction, Nomarski dif-
ferential interference contrast (DIC) and atomic 
force microscopy (AFM). Wafer-level EL studies 
were conducted to investigate the emission char-
acteristics of subsequent grown MQW layers.
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3. Results and discussion

3.1. The step-bunched AlN template

Experiments were carried out on ~3 µm thick step-
bunched AlN templates (Fig. 1), to serve as a model 
system for the characteristic step-bunched AlN that 
has to be transformed towards step-flow morphol-
ogy. AFM measurements exhibited a roughness root 
mean square (RMS) of Rq  =  1.8  nm with a  mean 
step height of 5.6 nm. The height ranged from 3.2 
to 8.1 nm. The threading dislocation density (TDD) 
of the  AlN was ~3·109  cm–2, determined by XRD 
measurements. The  screw- and edge-type disloca-
tion densities forming the TDD were closely related 
to the full width at the half maximum (FWHM) of 
XRD rocking curves in the (002) and (102) direction 
via the corresponding Burger vectors [20, 22].

to 1200°C in 50°C steps. On those varying interlay-
ers, the second layer (SL) with constant growth pa-
rameters was deposited. Both layer morphologies, 
for the  IL and the  SL, were investigated by AFM 
in terms of morphology and surface roughness 
(Fig. 2). In Fig. 3, the temperature dependence on 
the roughness of IL and the entire stack is depicted.

The effect of IL deposition on the surface mor-
phology is presented in Fig. 2(a–e). The samples in 
Fig.  2(a,  b) indicate hexagonal V-pits with densi-
ties of ~1·1010 and ~6·109  cm–2, respectively. This 
pit density (PD) is related to the growth tempera-
ture. The  V-pit formation and their PD accord-
ingly is assumed to be an effect of growth kinet-
ics, controllable by, e.g. the  growth temperature, 
and occurs at the  existing threading dislocations 
of the underlying AlN layer, as shown for gallium 
nitride [23]. However, a discrepancy could be ob-
served as the PD exceeds the TDD (~3·109 cm–2) of 
the template in the case of the IL grown at 1000°C 
process temperature (Fig. 2(a)). This effect could be 
associated with the  growth interruption between 
the template and IL growth, or to a strain relaxation 
mechanism supporting the V-pit formation [21]. In 
contrast to this V-pit morphology, the ILs illustrat-
ed in Fig. 2(c–e) exhibit 3D features with no signifi-
cant morphology variance for growth temperatures 
between 1100 and 1200°C. Generally two IL sur-
face modifications of the previously step-bunched 
AlN film can be distinguished, a pitted surface and 
a 3D feature dominated surface. In Fig.  3, these 
two surface modifications can also be determined 
by their surface roughness. V-pit formation in ILs 
grown at temperatures <1100°C produce a distinct 
surface roughening compared to the step-bunched 
template. The  IL Rq is 5.9–10.7  nm, significantly 
higher in contrast to the  surface roughness for 
IL deposited at temperatures above 1100°C, i.e. 
1.4–1.8  nm. At elevated temperatures (≥1100°C), 
the surface roughness RMS is decreased compared 
to the primarily macrostepped AlN surface regard-
less of the obtained 3D features. For these samples, 
a  gradual transition from the  3D to 2D growth 
mode is implicated. 3D features are obtained, while 
the surface roughness additionally is decreased in-
dicating a trend to the 2D growth condition.

The corresponding SL surfaces covering the ILs 
are presented in Fig. 2(f–j). For the SLs deposited on 
the ILs, grown at temperatures ≤1150°C (Fig. 2(f–
h)), the  pre-arranged steps are modified towards 

Fig. 1. AFM image with a 10×10 µm2 scanned 
area illustrating the  step-bunched surface 
morphology of AlN templates. The  rough-
ness RMS (Rq) of 1.8 nm was determined with 
a mean step width of 2.4 µm and a mean step 
height of 5.6 nm.

3.2. Two-layer overgrowth process on step-bunched 
templates

On those step-bunched templates, the  two-layer 
growth process, as described in the  Experiment 
section, was carried out. The first layer of the two-
layer deposition process, an interlayer (IL), was 
grown at process temperatures varying from 1000 

15 nm
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Fig. 2. 10×10 µm2 AFM images representing the surfaces of the two-step growth approach. The IL epitaxial 
growth (a–e) was carried out at five different process temperatures from 1000°C (a) to 1200°C (e) in 50°C 
steps. The surface after the overgrowth of SL is illustrated in (f–j). The remaining macrosteps resulted in step 
heights ranging from 3.5 nm (g) to 13 nm (j).

Rq = 10.7 nm Rq = 5.9 nm Rq = 1.4 nm

Rq = 1.5 nmRq = 1.6 nmRq = 1.8 nm

Rq = 1.4 nm Rq = 2.0 nmRq = 0.8 nm

Rq = 2.3 nm

(a) (b) (c)
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smaller macrosteps. The  interface presented in 
Fig.  2(g) shows no significant macrosteps reap-
pearance and a sub-nm roughness. This indicates 
that the optimum for the IL growth is carried out 
at 1050°C process temperature (Fig.  2(b)), ena-
bling a flat surface with bi-layer steps. In addition, 
the surface roughness of 0.8 nm of this AlN film 
illustrated in Fig.  3 represents the  minimum of 
the curve. This observation confirms the suitabil-
ity of the developed two-layer growth technique. 
When the  IL growth temperature is increased 
further to 1150 and 1200°C, macrosteps are par-
tially extended up to a maximal height of 13.0 nm 
(Fig. 2(i, j)).

The  template and the  following two-layer 
structure result in a  total thickness of ~4.3  µm. 
The  strain state has therefore to be considered, 
since exceeding the  tensile limit in the  AlN film 
yields in a relaxation mechanism usually causing 
film cracking. Depositing solely the SL of the AlN 
two-step approach, with a similar total thickness of 
~1.3 µm on a ~3 µm step-bunched AlN template, 
leads to cracking of the film (displayed in the DIC 
microscope image, Fig. 4(a)) with a  roughness 
RMS of 1.3  nm. These findings indicate that by 
directly starting with a 2D growth mode (that is 
indispensable for step flow morphology), mostly 
bi-layer stepping emerged on the  larger-scaled 
macrosteps. However, the  surface roughness of 
the  macrostepped sample could not be signifi-
cantly reduced. These findings also demonstrate 

that a  pure SL growth condition favours film 
cracking before obtaining a  smooth step-flowed 
surface. According to literature, the 3D mode IL 
should also lead to a limitation of tensile strain as 
shown for multilayer deposition with 3D–2D se-
quences [6, 7]. Employing a similar technique in 
this study, the sample with a pitted IL (Fig. 2(g), 
3D growth) also indicates a successful strain man-
agement due to the observed crack-free surface 
(Fig. 4(b)). For IL process temperatures ≥1100°C, 
a  gradual transition in the  IL from 3D to 2D 
growth is observed, leading to an increase in ten-
sile strain and furthermore to sporadic cracks in 
the entire deposited stack (Fig. 4(c)). In contrast, 
3D layers deposited at temperatures below 1000°C 
do not support film-cracking; instead the coales-
cence of the considerably rough IL within an ap-
propriate SL thickness is hindered.

Fig. 3. Surface roughness RMS (Rq) of the IL (rhombs, 
blue online) and the  overall two-layer growth (cir-
cles, orange online) on step-bunched templates with 
respect to the IL process temperature (IL Tproc).

Fig. 4. 2D growth results in film-cracking caused by 
strain relaxation mechanisms (a), while a  two-layer 
approach with an alternating 3D–2D growth avoids 
cracking (b). With elevated IL temperatures, the ten-
sile strain in the  film increases and sporadic crack-
ing occurs (c). DIC microscope images were grey-
scaled and contrast enhanced for better visibility of 
the cracks.

(a)

(b)

(c)

IL Tproc (°C)
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3.3. EL spectra in dependence of different AlN 
template morphologies

In order to investigate the effect of a smooth sur-
face on LED performance, UV LED structures 
were grown on two AlN templates with distinctly 
different morphologies. To eliminate potential in-
fluences on the measurements caused by material 
quality deviations, both investigated epitaxial films 
were characterized in advance by XRD to ensure 
conformable and reasonable TDDs (~3·109 cm–2). 
EL spectra of these heterostructures grown on 
a step-bunched template and a sub-nm rough tem-
plate (achieved by the two-layer growth described 
here) are directly compared (Fig. 5). Both samples 
show a luminescence with the main MQW emis-
sion centered at ~270  nm. The  MQW structure 
with an underlying step-bunched template ex-
hibits a  double-peak emission with a  secondary 
peak centered at 294  nm. This finding indicates 
spatial Ga-accumulations in the AlGaN cladding 
layers and the  MQWs induced by the  template’s 
macrostepping [18]. In contrast, the MQW struc-
ture deposited on a smooth template, achieved by 
the two-layer overgrowth technique, shows a pure 
single-peak behaviour. Therefore, a homogeneous 
AlGaN composition is realized by the control of 
a low surface roughness of the template.

Additionally, not only a  single-peak emission 
is enabled using a smooth basic AlN film, but also 

the EL spectral width (FWHM) of a MQW-struc-
ture deposited on the modified template is success-
fully narrowed from 13.5 to 10.1 nm.

4. Conclusions

In summary, AlN templates with macrostepped 
surfaces were transformed towards step-flow mor-
phology by a  two-layer MOVPE deposition ap-
proach. The surface quality of the intermediate layer 
was studied at different process temperatures. This 
enabled an IL optimization in terms of successfully 
interrupting the  existing underlying macrosteps 
structure. The reappearance of macrosteps is sup-
pressed; simultaneously the evolving tensile strain 
was limited. Following the 3D submicrometre thick 
initial layer, the second stage serves as establishing 
the  process for step-flow growth (reducing effec-
tively the roughness). The RMS was decreased from 
1.8 to 0.8 nm, allowing for a significant reduction of 
~56% in the overall surface roughness at 1050°C IL 
growth temperature.

The positive impact of the modified AlN surface 
on the  AlGaN-based UV LED performance was 
assessed by EL emission spectra, showing a ~25% 
narrowed FWHM. By applying the  developed 
technique to a  step-bunched template, the  MQW 
luminescence additionally is modified from a dou-
ble-peak emission towards a  single-peak charac-
teristic. We thus demonstrated a successful surface 
modification technique of primarily step-bunched 
templates, usually achieved by high-quality AlN 
deposition techniques, like HVPE or growth on 
nano-PSS. Hence, a route towards an improved de-
vice operation is provided, as a narrow single-peak 
emission is required for many applications.
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