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ARTICLE INFO ABSTRACT

Communicated by Hongping Zhao Data are presented on near-lattice-matched Al;.xInyN/GaN superlattices (SLs) with superior morphology to thick
AlInN layers. The SLs are grown by metalorganic chemical vapor deposition and consist of ~ 3 nm thick AlInN,
~1 nm thick GaN layers, and x = 0.153 to 0.203. The SLs are grown with either 20 or 100 periods on GaN-on-
sapphire or free-standing GaN substrates. Growth conditions are explored, and the In-content of the AlInN layers
within the SL increases with growth temperature and pressure, while the growth rate decreases with pressure.
Thick AlInN layers grown on GaN-on-sapphire exhibit island growth with a root mean square (rms) roughness of
~ 0.65 nm, while the AlInN/GaN SLs have steplike morphology and rms ~ 0.3 nm. Also, 80 nm thick AlInN/GaN
SLs grown on GaN substrates exhibit nearly perfect steplike morphology with a lower rms of ~ 0.13 nm and
extremely low pit densities. The refractive index of the SLs is the weighted average of AlInN and GaN, and they
emit light from the quantum states within the thin GaN layers. These AlInN/GaN SLs are a potential replacement
for AlInN layers in optoelectronic and electronic devices that require steplike morphology and controlled pitting.

1. Introduction

III-nitride (AlInGaN) semiconductors have had wide success in op-
toelectronic and electronic devices. Of the ternary alloys, AlInN is the
least explored and implemented in devices. AlInN is useful because — it
has a lattice-matched condition to GaN with a wider bandgap [1]; it
provides a high refractive index contrast to GaN, which is useful for
waveguiding or distributed Bragg reflectors [2-4]; its high polarization
fields are used for barrier layers to create 2-dimensional electron gases
in high-electron-mobility transistors (HEMTs) [5]; it has higher critical
electric fields that can be used for power devices [6,7]; and it can be
oxidized to create insulating layers for devices [8-10].

However, AlInN is difficult to implement in devices because of
growth limitations that lead to poor morphology and pitting. The
morphology of nearly-lattice matched AlInN layers greater than 50 nm
thick suffers even with the best-known growth conditions. Island growth
dominates, and the surface morphology consists of mounding on the
surface that decorates the steplike surface of the underlying GaN
[11,12]. Island growth is caused by low adatom surface mobility at
lower growth temperatures [13]. AlInN layers with less In (not lattice
matched to GaN) tend to be smoother but are strained [14], which limits
their thickness. Also, pits that start from dislocations in the substrate or
within the AlInN grow larger as the layer thickness increases [15].
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Usually, thicknesses of AlInN are limited to ~ 200-300 nm before the
surface becomes too rough or pitted, requiring thicker layers of GaN to
be grown to recover the morphology, which limits its usefulness in
devices.

Bulk layers of the other ternary alloys of AlGaN and InGaN also have
limitations on thickness and composition due to lattice strain when
grown on GaN [16,17]. It has been shown that SLs of AlGaN/GaN and
InGaN/GaN with short periods (<10 nm) can be a method to ensure
excellent surface morphology and prevent defects such as cracking,
surface roughening, phase separation, dislocations, and pits that are
formed due to lattice strain. In the case of AlGaN/GaN SL on GaN, it is a
well-known method of strain management to prevent cracks [18] and
suppress the generation of misfit dislocations [19]. These AlIGaN/GaN SL
have found practical uses in devices such as electron-blocking layers in
light-emitting diodes (LEDs) [20], enhanced Mg doping [21], barriers in
HEMTs [22-24], and cladding layers in laser diodes [25,26]. In the case
of InGaN/GaN SLs on GaN, it is a method to avoid the critical thickness
of InGaN that causes roughening and phase separation [27]. InGaN/GaN
SLs are substitutes for thick InGaN layers in solar cells [28,29], and
underlayers in LEDs [30].

There are fewer reports of AlInN/GaN SLs. It has been demonstrated
as an underlayer in LEDs to prevent defects in the InGaN/GaN active
layers [31], and to examine the incorporation of Indium in thin AlInN
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layers grown at low pressures [32]. However, the surface morphology
and the impact on pits compared to bulk AlInN layers has yet to be
demonstrated.

This paper presents data on the growth and characterization of
AlInN/GaN SLs. Growth parameters such as pressure, temperature, and
substrate type are explored. The In-content of the AlInN layers within
the SL increases with growth temperature and pressure, while the
growth rate decreases with pressure. The AlInN/GaN SLs suppress the
island growth present in bulk AlInN layers, and their surface exhibits
superior morphology with lower roughness. SLs grown on GaN sub-
strates have step-like morphology and extremely low pit densities. The
SLs have a refractive index that is the weighted average of AlInN and
GaN, and they emit light from the quantum states within the thin GaN
layers.

2. Experimental methods

The samples are grown by metal-organic chemical vapor deposition
(MOCVD) in a Taiyo Nippon Sanso Co. (TNSC) SR2328KS reactor. The
layers are grown on commercially available free-standing GaN and GaN-
on-sapphire substrates. The c-plane GaN substrates are single-side pol-
ished, ~450 um thick, have an etch pit density of < 5 x 10* cm ™2, n-type
carrier concentration of 10'° cm’3, and offcut ~ 0.3° towards the m-
direction. The GaN-on-sapphire substrates are single-side polished, c-
plane patterned sapphire and GaN layers with thicknesses of ~ 4.5 um,
etch pit density in the order of 10® em™2, and n-type carrier concen-
tration of 5 x 10'® em 3,

The growth starts with a 350 nm thick and unintentionally doped
GaN layer grown at 1150 °C and atmospheric pressure. For the SL
samples, it is followed by 20 or 100 pairs of ~ 3 nm thick AlInN and ~ 1
nm thick GaN layers (total thicknesses of 80 nm or 400 nm) at varying
temperatures and pressures. The thicknesses are chosen to prevent de-
fects from forming and achieve an SL structure that is predominately
formed from AlInN to retain its desirable properties (such as bandgap
and refractive index). A 3 nm thick AlInN layer remains relatively
smooth to avoid island growth and pitting, while the 1 nm thick GaN
“repairs” the surface before the next AlInN layer is grown. The number
of periods is chosen to be comparable with bulk AlInN layers demon-
strated in the literature. Samples with 20 periods represent a thinner
layer to compare to the surface morphology of AlInN, which remains
relatively smooth. Samples with 100 periods represent a thicker layer
where significant surface defects for AlInN are formed. The SLs are
capped with a 2 nm thick GaN layer resulting from growth termination
procedures. For comparison, thick (bulk) layers of AlInN that are either
80 nm or 400 nm thick are grown to match the SL thicknesses. All layers

Table 1
Growth parameters and characteristic results for all samples.

are grown in an Ny ambient with a V/III ratio of ~ 1.44 x 10* and are
unintentionally doped. The AlInN layers are grown with 10.6 pmol/min
of TMAI and 9.5 pmol/min of TMIn, while the GaN layers are grown with
20 pmol/min of TEGa. The growth temperature and pressure are con-
stant for all layers to avoid temperature or pressure ramping and growth
interruptions.

Four sets of samples are grown for this study. The first set in-
vestigates the surface morphology and crystalline quality of the SLs
compared to bulk AlInN layers of similar thickness. The second and third
sets are AlInN/GaN SLs grown at different temperatures and pressures to
study their effects, respectively. For the second set, the growth pressure
for the SL varies from 10 kPa to 50 kPa in 10 kPa intervals, with the
growth temperature kept constant at 775 °C. The growth time is
adjusted to compensate for the change in growth rate related to pres-
sure. In the third set, the growth temperature is varied between 775° to
800 °C with the pressure fixed at 30 kPa, resulting in 5 samples with
indium content in the AlInN layers of 0.203, 0.192, 0.184, 0.166, and
0.153. The final set of AlInN/GaN SLs are grown on free-standing GaN
substrates to compare with layers grown on GaN-on-sapphire templates.
All the growth conditions for the samples described in this paper are
shown in Table 1.

The near-lattice condition of Al xInyN is determined by the equation:

a(GaN) = a(Al,_,In,N) = (1 —x)-a(AIN) + x-a(InN) @

where x is the In content, a(GaN) is the a-lattice (in-plane) constant of
GaN, a(AIN) is the a-lattice constant of AIN, and a(Al;_.In,N) is the a-
lattice constant of AlInN. The lattice constants of the binary alloys are
a(AIN) = 3.113A and a(InN) = 3.538A. For GaN, the a-lattice constant
can vary depending on the substrate where it is 3.189A for GaN grown
on c-plane sapphire and 3.183A for GaN substrates [14]. The lattice-
matched condition is x ~ 0.17, and higher and lower x represent
nearly lattice matched conditions.

The samples are characterized to determine structural and optical
properties as follows. X-ray diffraction (XRD) ®-20 scans of the (0002)
reflection using a Philips XPert Pro is performed to determine the alloy
fractions and layer thicknesses. Fitting the XRD data with the PAN-
alytical Epitaxy and Smoothfit software packages determines the
detailed layer structure. Scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDS) are performed
with a Thermo Fisher Titan 80-300 on cross sectioned samples by a
focus ion beam (FIB) etching to observe the layers and interfaces. Sur-
face morphology, pit density, and root mean square (rms) surface
roughness are measured using a Digital Instruments Dimension 3100
atomic force microscope (AFM) with a standard tapping mode probe

Growth conditions XRD AFM

ID Shown in Figs Substrate # of Periods Press (kPa) Temp (°C) In (%) RMS overall (nm) RMS no pits (nm) Pit den (><107cm’2) Pit Area (%)
M287 4(a) GaN/Al,O3 100 20 775 18.1 1.675 0.843 N/A N/A
M289  2(a) GaN/Al,O3 20 20 775 17.6 0.351 0.235 32.8 0.79 %
M300  4(a) GaN/Al;03 100 20 780 19.2 4.200 1.229 N/A N/A
M304 2(b), 3(a) GaN/Al,O3 20 30 775 20.3 0.420 0.321 13.6 0.30 %
M308  2(c) GaN/Al,O3 20 40 775 19.8 0.435 0.228 31.2 0.82 %
M309  2(e) GaN/Al,O3 20 50 775 19.8 3.132 N/A N/A N/A
M312 1(a), 3(d), 4(b) GaN/Al,O3 20 30 790 16.6 0.364 0.299 13.6 0.24 %
M316  3(e) GaN/Al,O3 20 30 800 15.3 0.317 0.226 12.4 0.23 %
M317  1(d), 4(a), (b) GaN/Al;03 100 30 790 17.2 1.449 0.613 9.2 1.23 %
M323  1(b) GaN/Al,03  Bulk 30 790 15.8 0.646 N/A N/A N/A
M327 2(d) GaN/Al,O3 20 10 775 17.5 1.880 N/A N/A N/A
M332 1(c) GaN/Al,03  Bulk 30 790 17.6 0.470 0.390 33.2 0.64 %
M333  3(b) GaN/Al,O3 20 30 784.5 19.2 0.602 0.437 29.6 0.35 %
M334 1(e) GaN/Al,03 Bulk 30 790 17.8 19.53 N/A N/A N/A
M335  5(a), 6(a-c) GaN 20 30 790 19.5 0.202 0.162 2.8 0.07 %
M350  3(c) GaN/Al,O3; 20 30 787.5 18.4 0.560 0.397 33.2 0.35 %
M365 5(b), (c) GaN 20 30 815 13.7 0.132 N/A N/A N/A
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with a tip radius of ~ 10 nm. The samples are measured optically using a
J. A. Woollam V-Vase M—2000 spectroscopic ellipsometry (SE) and fit
with CompleteEASE software to determine the refractive index [9,10].
Finally, cathodoluminescence (CL) is employed to determine emission
properties of the SLs using a Horiba Scientific H-CLUE Spectroscopy and
Imaging CL System attached to a JEOL 7600F SEM with a Gatan Alto
Cryogenic Stage.

3. Results and discussion

Fig. 1(a) to (e) show the AFM of five samples grown to compare the
surface morphology of bulk films and superlattices grown on GaN-on-
sapphire substrates. Fig. 1(a) shows the surface of a 20-period (80 nm
thick) Al;4IngyN/GaN SL (x = 0.166). It shows a very smooth surface
(rms = 0.30 nm) with atomic steps closely resembling the underlying
GaN layers. Pits caused by threading dislocations are present with a
density of ~ 1.36 x 108 cm™2 (obtained by counting pits in the AFM
images), comparable to the dislocation density of the GaN-on-sapphire
substrates before growth. Fig. 1(b) shows the surface of an 80 nm
thick, bulk Al xInyN (x = 0.158) layer with the same growth conditions
as the SL shown in Fig. 1(a). It shows typical island growth (mounds) on
AlInN surfaces aligning to the atomic edges of the underlying GaN with
an rms of ~ 0.65 nm, comparable to AlInN layers reported in literature
[12]. Another sample is grown to study the effect of a 3 nm GaN capping
layer on top of an 80 nm thick bulk AlInN layer, shown in Fig. 1(c), to
observe the recovery of surface morphology. Some surface morphology
improvement stems from the GaN cap layer, but the typical mounds
from the AlInN layer are still visible. This demonstrates that thinner
layers of AlInN interspersed with thin GaN layers are required to keep
the morphology intact. The capping layer better highlights the pits, and
an increased number can be observed with a density of 3.3 x 108 cm 2.
The larger pit density of bulk AlInN layers compared to the SL shows
how the SL suppresses the formation of pits.

Another pair of samples are grown to investigate the growth of

significantly thicker AllInN/GaN SLs and bulk layers. Fig. 1(d) and (e)
show a 100-period Al; 4xInyN/GaN SL (x = 0.172) and a bulk Al; 4xInyN
(x = 0.178) layer with the same ~ 400 nm total thickness, respectively.
It is apparent that the SL exhibits superior surface morphology, with an
rms of 0.61 nm compared to 19.53 nm for the bulk layer.

The effect of growth pressure on the AlInN/GaN SL morphology and
In content is explored and shown in Fig. 2. The SLs grown at pressures of
20 kPa, 30 kPa, and 40 kPa exhibit good surface morphology (Fig. 2(b)-
(d)), while at 10 kPa and 50 kPa, the surfaces roughen (Fig. 2 (d) and
(e)). At 50 kPa, there are In inclusions on the surface. The rms roughness
of the 20, 30, and 40 kPa samples are 0.235 nm, 0.321 nm, and 0.228
nm, respectively. Fig. 2(f) shows the dependence of growth rate and In-
content of the AlInN layers with pressure. A decrease in the growth rate
with increasing pressure is observed. This reduction is likely due to more
pronounced pre-reactions. Therefore, the growth time per period is
adjusted to achieve samples with the same approximate layer thick-
nesses. There is an increase in the In incorporation at the lowest pres-
sures that plateaus at 30 kPa and possibly caused by more pronounced
TMAI consumption due to pre-reactions [33], and increased In incor-
poration with higher growth pressure [34]. The best rms roughness is
obtained with samples grown between 20 kPa and 40 kPa, and as a
result, the rest of the samples presented in this study are grown at 30
kPa.

Fig. 3 shows 20-period AlInN/GaN SLs grown at 30 kPa and varying
temperatures from 775 °C to 800 °C, resulting in 5 samples with indium
content in the AlInN layers of 0.203, 0.192, 0.184, 0.166, and 0.153.
Fig. 3(f) shows the indium content follows a downward trend with
increasing temperatures, the same behavior as in bulk AlInN layers
[35,36]. However, as seen in Fig. 3(a) to (e), the surface morphology
does not suffer as significantly as bulk AlInN layers with increasing in-
dium content [14], where typically the increase in In-content of AlInN
leads to more pitting and surface roughening. All the SLs shown in Fig. 3
have step-like surfaces, and the pit densities do not show a significant
trend with varying growth temperatures.

(b) Bulk

Fig. 1. Atomic force microscope (AFM) images of (a) 20 periods of 3 nm thick AlInN and 1 nm thick GaN superlattice (SL) with a 2 nm GaN capping layer, (b) 80 nm
thick AlInN, (c) bulk AlInN with a 3 nm thick GaN capping layer, (d) 100 periods of 3 nm thick AlInN and 1 nm thick GaN superlattice with a 2 nm GaN capping layer,
and (e) 400 nm thick AlInN. The SLs have significantly better surface morphology than bulk layers.
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Fig. 2. Atomic force microscope (AFM) images of AlInN/GaN SLs grown at (a) 20 kPa, (b) 30 kPa, (c) 40 kPa, (d) 10 kPa, and (e) 50 kPa. The surfaces are smoothest
between 20 and 40 kPa. Plot of (f) the In content, x, in the Al; ,In,N and growth rate versus pressure. The x increases between 10 kPa and 30 kPa and plateaus after

30 kPa, and the growth rate shows a downward trend with higher growth pressure.
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Fig. 3. Atomic force microscope (AFM) images of AlInN/GaN SLs with 20 periods that are grown at different temperatures, producing samples with In content, x, of
(a) 0.203, (b) 0.192, (c) 0.184, (d) 0.166, and (e) 0.153. Plot of (f) AlInN In content x versus growth temperature.
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Fig. 4. (a) X-ray diffraction (XRD) ®-26 scans in the (0002) direction of three
AlInN/GaN SL samples. The three SLs are grown at pressures and temperatures
of 20 kPa/775 °C, 20 kPa/780 °C, and 30 kPa/790 °C. The upper left insets
show AFMs of the three samples, where 30 kPa and 790 °C are chosen as
optimal with the best morphology. The XRD for this sample shows sharp single
peaks, while the other two show double SL peaks and surfaces covered in pits.
(b) XRD scan of two SLs with a different number of periods. The 20-period SL
has SL peaks and fringe peaks to a high order, indicating good crystal quality
and periodicity. The 100-period sample shows sharp SL peaks but no fringe
peaks due to exceeding the XRD instrument resolution.

Fig. 4(a) shows the XRD omega-2-theta scans of three 400-nm-thick
Aly 4IngN/GaN SLs grown with different conditions. It shows that the
sample grown at our chosen optimal condition (30 kPa, 790 °C, x =
0.172) has narrow superlattice peaks, indicating a consistent layered
structure throughout the 100 periods. As for the samples grown with
suboptimal conditions (20 kPa, 775 °C, x = 0.181 and 20 kPa, 780 °C,
x = 0.176), two sets of superlattice peaks are present, indicating the
presence of two different period thicknesses within the SLs. The AFM
image in the insets shows degraded surface morphologies for the sample
with double superlattice peaks. A possible cause for peak doubling is a
change in growth rate related to lattice relaxation and higher In content.
Therefore, with thicker layers, the AlInN must be lattice matched with
GaN. Fig. 4(b) compares the XRD scans of a 20-period and a 100-period

Z (nm) (a) 790°C . (b) 815°C
i =
15 =
B = '—2&'

SL. The 20-period SL has prominent superlattice and smaller fringe
peaks, indicating good crystal quality. The 100-period SL has more
intense superlattice peaks but no fringe peaks due to the number of
periods that exceed the XRD resolution.

AlInN/GaN SLs are grown on free-standing GaN substrates to observe
how surface morphology changes with In-content. They consist of 20
periods and are grown at 790 °C and 815 °C, with In contents of 0.195
and 0.137, respectively. An excellent surface with clearly visible atomic
steps is observed for the 790 °C sample shown in Fig. 5(a). It has a
surface roughness rms of 0.16 nm and pit density of ~ 1.2 x 107 cm 2.
Fig. 5(b) and (c) show the AFMs for the SL grown at 815 °C with less
indium. The surface morphology is even better, with a rms of 0.13 nm
and nearly perfect step-like morphology. The angle offset from c-plane
can be found by counting the number of steps in Fig. 5(b), combined
with the AFM scan length of 5 pm and the c-lattice constant of GaN
(5.185 10\). This yields an angle of 0.35°, close to the GaN substrate
offcut. Pits are only observed in the larger area 20 pm x 20 pym scans and
are most likely formed from the pits in the underlying GaN substrate
(<5 x 10* em™2). This quality level for surface morphology and pit
density is not possible with AlInN bulk layers. Comparing these two
samples, more pits form in the SL with higher indium content and tuning
the In-content to control the pit density on GaN substrates is essential.
The increase in pits with In-content is consistent with the behavior of
AlInN bulk layers [36].

STEM is performed on the sample shown in Fig. 5(a), and the results
are shown in Fig. 6. A highly periodic and consistent composition
superlattice can be observed. The layer thicknesses match those deter-
mined from XRD. Due to the low pit density of the GaN substrates, no
pits were observed across the entire FIB cross-section (~7 pm). A
zoomed-in image is shown in Fig. 6(b), and an EDS line scan for the
atomic fractions of Al, Ga, and In is shown in Fig. 6(c). There is
noticeable intermixing between the GaN and AlInN layers, with small
amounts of Al and In in the GaN layers and Ga in the AlInN layers. It is
possible that the intermixing is caused by traditional layer disordering
during growth [37], auto-incorporation of Ga from the surrounding
chamber surfaces [38], and the FIB cross-sectioning. These periodically
changing quaternary layers with less abrupt heterointerfaces may help
improve electrical conductivity without sacrificing optical properties.
Measuring electrical properties for these promising SLs is reserved for
future work.

The refractive index of AlInN/GaN SL (Fig. 1(a)) is measured by
Spectral Ellipsometry (SE) to compare to bulk layer AlInN (Fig. 1(b)) and
GaN, and is shown in Fig. 7(a). The refractive index versus wavelength
of the AlInN/GaN SL shows a weighted value between those of AlInN
and GaN at approximately 3:1, matching the thickness of each layer.
This data shows the SL is a good candidate for cladding layers and
distributed Bragg reflectors (DBRs) for laser diodes and waveguides to
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Fig. 5. Atomic force microscope (AFM) images of 20-period AlInN/GaN SLs grown on bulk GaN substrates at 30 kPa and (a) 790 °C and (b-c) 815 °C, with In contents
of 0.195 and 0.137, respectively. The AFM in (a) shows a smooth surface with clear and parallel GaN atomic steps, with 7 pits on a 5x5 pum AFM scan, with a density
of ~ 1.2 x 107 cm ™2 The AFM in (b) shows a better surface with no pits, and a larger 20 x 20 um scan (c) reveals one pit.
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Fig. 6. Scanning transmission electron microscope (STEM) images of AlInN/GaN SLs grown on bulk GaN substrate of the full SL (a) and a closeup image (b). Plot of
(c) atomic fraction for Al, In, and Ga, versus depth of group III elements in the SL determined by energy-dispersive X-ray spectroscopy (EDS). The STEM and EDS data
show a highly periodic layer structure with some level of intermixing between the GaN and AlInN layers.

replace AlGaN. It has the advantage of being lattice matched to GaN and
having a lower refractive index (n). For example, the AlyGa; yN clad in a
laser diode typically has an Al-content of no more than y = 0.15. An
Alp 15Gag gsN layer has n = 2.54 at 400 nm [39], while the AlInN/GaN
shown here is lower at n = 2.28 at 400 nm. AlInN has been used in la-
sers, but the AlInN/GaN SL shown here has better morphology.

Fig. 7 (b) and (c) show the emission from the AlInN/GaN SL grown
on a GaN substrate (Fig. 5(b)) using CL. The acceleration voltage is
changed to vary the electron penetration depth and identify the emission
location. At the lowest voltage of 2 kV, emission with a peak of ~ 317
nm is observed. This light is from the SL and the transitions between
electron and hole quantum ground states within the thin GaN layers
sandwiched by the wider bandgap AlInN layers. Its energy is 3.91 eV,
which is significantly higher than the bandgap of GaN, and is a result of
the high band offsets (~1 eV) and thin GaN layers. The wavelength of
this emission is consistent with the ground state energy transition
simulated using a Schrodinger-Poisson solver. At higher voltages, the
intensity of the SL peak grows, and a longer wavelength peak emerges at
~ 365 nm caused by emission from the underlying GaN.

Both the refractive index and emission data show the potential of the
AlInN/GaN in photonic devices. The low refractive index and short
wavelength emission (or high bandgap absorption) of the SL show it is a
candidate for cladding or DBR layers in laser diodes as a replacement for
bulk AlInN layers. The SL light emission at wavelengths much shorter
than GaN makes it a potential active layer for ultra-violet emitters.

4. Conclusion

AlInN/GaN SLs with near-lattice-matched AlInN layers are grown
with varying temperatures, pressures, and thicknesses on two types of
GaN substrates. The SLs have significantly better surface morphology,
avoiding the island growth in bulk AlInN layers. The SL grown on free-
standing GaN have nearly perfect step-like surfaces and extremely low
pit densities. The SLs have a refractive index that matches the weighted
average of the layers, and it emits at 317 nm due to quantum states in the
GaN. Growing thicker, higher-quality AlInN/GaN layers could be useful
for future optoelectronic and electronic devices.
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