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ARTICLE INFO ABSTRACT

Nearly lattice-matched and unintentionally doped AlInN films with low background doping grown via meta-
lorganic vapor phase epitaxy on GaN/sapphire are investigated. The lattice-matched condition is verified with x-
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Aiyvglraracterization ray diffraction (XRD), and the films exhibit typical morphological characteristics for AlInN. The optical constants
Al Doping (n, & k) and thicknesses of the AlInN films are determined via spectroscopic ellipsometry, finding an n, ~ 2.2 at

500 nm and a bandgap of ~4.366 eV. Temperature-dependent Hall measurements in the Van der Pauw con-
figuration are performed for temperatures from 80 K up to 350 K, and a low background doping concentration
(n ~ 3 x 10'7 cm ™) and high electron mobility (u, ~ 320 cm?/V's) are found at room temperature. Simulations
are performed to determine the influence of the 2-D electron gas (2DEG) caused by polarization fields from the
GaN/AlInN interface and validate the Hall measurements. Thus, this work shows the potential of achieving high-
quality AlInN films with low background doping densities for use in power electronic devices and deep-ultra-
violet light-emitting diodes.

A3. Metalorganic vapor phase epitaxy
B1. Nitrides
B2. Semiconducting materials

1. Introduction

[II-nitride semiconductors are a leading material platform for next
generation of devices because of their ability to tune the energy band
gap from 0.7 eV (InN) up to 6.2 eV (AIN), along with their high thermal,
chemical and mechanical stability [1-3]. Its largest impact is in the
field of solid-state lighting, where the Nobel Prize in Physics was
awarded in 2014 for advances in blue light-emitting diodes [4]. Recent
advances have also demonstrated, with one more recent development
of using GaN to replace Si-based power devices [5]. In addition to GaN
for power devices, other ultrawide bandgap (UWBG) semiconductors
like AlGaN, BN and (-Ga,Os are sought out due to their ability of
achieving high electric fields before impact ionization, leading to a
high-power figure-of-merit (FOM). UWBG semiconductors do have
challenges though, such as the difficulty of achieving p-type doping in
B-Gap03 [6] and no suitable lattice-matched substrates for high Al-
content AlGaN [5].

The ternary Al,In; 4N alloys are also part of the UWBG family with a
similar power FOM to 3-Ga,0O3 and AlGaN [19]. The strain state (tensile
or compressive) can be controlled when grown on GaN substrates, and
when x ~ 0.83, it is lattice-matched to GaN. Lattice matched growth of
AlInN to GaN has led to high-quality distributed Bragg reflectors (DBRs)
[7], cladding layers in laser diodes [8], photodetectors [9], high-

mobility field-effect transistors [10,11], electron barrier layers in
InGaN-based light-emitting diodes [12], and thermoelectricity appli-
cations [13,14]. In addition, AlInN films can be p- and n-type doped
[15,16], can be oxidized [17], have high thermal stability [18] and
possess a large energy band gap (~4.4 eV) when grown lattice-matched
to GaN [7]. We recently proposed the use of AlInN in vertical power
devices [19]. Therefore, the advantageous material properties of AlInN
coupled with the potential innovative device design warrant further
investigations.

Despite extensive research efforts devoted to understanding the
growth mechanisms of high-quality “thick” (> 300 nm) AlInN,
achieving low background doping densities is a significant challenge
[14,15,20,21]. AlInN films grown via metalorganic vapor phase epitaxy
(MOVPE) require a relatively low growth temperature (~800 °C) in
order to achieve the proper In-content when lattice matched to GaN.
Growth at these temperatures can result in the incorporation of carbon
and oxygen impurities into the film [14,15,22] and have high back-
ground doping concentrations on the order of ~10'®-10'® e¢m™3
[14,15,23]. Thus, reducing the background doping concentration and
realizing thick AlInN layers are exciting challenges that will enable the
use of AlInN as p-type layers and drift layers in power electronics de-
vices.

In this work, we report on the recently improved growth conditions

E-mail addresses: dab315@Ilehigh.edu (D. Borovac), tansu@lehigh.edu (N. Tansu).

! The authors contributed equally to this work.

https://doi.org/10.1016/j.jcrysgro.2020.125847

Received 4 March 2020; Received in revised form 4 August 2020; Accepted 20 August 2020

Available online 27 August 2020
0022-0248/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00220248
https://www.elsevier.com/locate/jcrysgro
https://doi.org/10.1016/j.jcrysgro.2020.125847
https://doi.org/10.1016/j.jcrysgro.2020.125847
mailto:dab315@lehigh.edu
mailto:tansu@lehigh.edu
https://doi.org/10.1016/j.jcrysgro.2020.125847
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrysgro.2020.125847&domain=pdf

D. Borovac, et al.

of unintentionally doped, nearly lattice-matched Al,In; 4N (x ~ 0.82)
films grown via MOVPE on top of GaN on sapphire templates. The
structural and morphological characteristics of the Al goIng 1gN film is
determined by x-ray diffraction (XRD) and atomic force microscopy
(AFM). Spectroscopic ellipsometry (SE) measurements are employed to
estimate the thickness of the AlInN film at ~275 nm, and evaluate its
optical constants (refractive indices, n, and extinction coefficients, k).
Temperature-dependent Hall measurements for temperatures from 80 K
up to 350 K are performed in the Van der Pauw configuration to obtain
the electron concentration (n) and mobility (u,) of the AlInN film. The
Hall measurements at room temperature reveal that n ~ 3 x 10'7/cm®
and y, ~ 320 cm?/Vs. In addition, simulations are performed to de-
termine the influence of the 2D electron gas (2DEG) on the electron
concentration arising from the polarization-induced electric field at the
AlInN/GaN interface and validate the Hall measurements. Finally, im-
purities such as oxygen and carbon that effect the overall electron
concentration are determined from secondary-ion mass spectroscopy
(SIMS). This data suggests the promising potential of lowering the
background doping density of nearly lattice-matched AlInN to GaN,
which has profound impact on the potential integration of AlInN films
in II-nitride-based power electronic devices and laser diodes.

2. Experimental methods

The AlInN films are grown on top of an unintentionally-doped GaN
(u-GaN) template on sapphire substrate in a Veeco P75 MOVPE reactor.
Ammonia (NH3) is the group-V precursor, and the group-III precursors
are trimethylgallium (TMGa), trimethylaluminum (TMAIl) and tri-
methylindium (TMIn). The ~3 um thick u-GaN template is grown first
and separately by employing an etch-back and recovery process with a
low-temperature (~30 nm) GaN buffer layer, followed by the high-
temperature GaN layer grown at T ~ 1050 °C. Then, to obtain the
lattice-matched condition, the AlInN samples are grown at a pressure of
75 Torr and a temperature of ~790 °C, with the metalorganic (MO)
delivery flow rates (moles/min) adjusted to produce a TMIn/TMAl
molar ratio of ~1.65. The In-content is determined by performing XRD
scans in the (002) direction and fitted by using the X’Pert Epitaxy
software assuming a fully strained AlInN layer [18]. The AFM images
are obtained using a Veeco Dimension 5000 and the Hall measurements
are carried out using the Ecopia HMS5500 measurement system in the
Van der Pauw configuration. For the Hall measurement, the samples are
prepared by cutting into squares that are 10 mm X 10 mm, and indium
is deposited at the corners and annealed at T = 250 °C which resulted
in Ohmic contacts.

Journal of Crystal Growth 548 (2020) 125847

3. Results and discussion

Fig. 1(a) shows the XRD ®/26 (002) scan of the AlygoIng 1gN film
grown nearly lattice-matched to GaN. Two distinct peaks are observed,
with the GaN peak on the left and the Al goIng 15N peak on the right-
hand side. The full-width at half-maximum (FWHM) of the AlInN peak
is ~275 arcsec and no additional peaks or shoulders are observed.
Moreover, the inset of Fig. 1(a) shows the XRD reciprocal space map
(RSM) scan obtained in the (1 0 1 5) direction. The vertical dashed line
is drawn to illustrate the pseudomorphic nature of the AlInN film and
indicate the film is nearly lattice-matched (or pseudomorphic) to GaN.
Fig. 1(b) shows the AFM (1 pm X 1 pm) scan of the ~275 nm AlInN
sample and a relatively rough surface is observed. It should be noted
that the surface is relatively smooth between the areas with creases and
large pits, which has been observed in AlInN films that exceed thick-
nesses of 100 nm [20,21]. A root-mean-square (RMS) roughness of
~3.41 nm is found and the value is in good agreement with those re-
ported by Miyoshi et al. [21]. The surface contains several V-defect-
related dislocations, as is common for AlInN alloys grown on GaN (on
sapphire), and are a result of propagating dislocations which arise from
the underlying GaN layer [24]. They are strain related [25] or originate
from kinetics-related phenomena [20]. In addition, it is observed that
the top surface exhibits a granular morphology suggesting the sample is
grown under slight compressive strain [21] as the In-content (~18%) is
slightly higher than the lattice-matched condition (~16.6%) [21], and
has thus resulted in a lattice strain (e4,) of —0.28%.

Fig. 2 shows the refractive index (n,) and extinction coefficient (k)
for the Alg goIng 1gN film in a wavelength range from 250 nm to 800 nm
determined by SE. The n, and k values are obtained through measure-
ments of the complex reflectance ratio which is parameterized by an
amplitude ratio y and a phase difference A for angles of 40°, 55° and
70°, and then fitted via the Tauc-Lorentz oscillator model [19]. For
comparison purposes, the n,. and k of an Alj go5Ing 175N (—80 nm) film
from Aschenbrenner et al. [26] are plotted as well. The values for the
extinction coefficient are in good agreement with previous results [26],
while the refractive indices deviate from each other beyond 600 nm.
The small discrepancies in the values can be attributed to the difference
in the In-content (~0.5%) and the difference in the thicknesses of the
two films. In particular, our film is ~3.5 times thicker than that in Ref.
[26] and it has been reported that variations in the In-content during
the growth of thick (> 100 nm) AlInN films can be severe [20], which
may be the cause of the observed differences, due to averaging effects
from the SE measurements. Additionally, in the works of Aschen-
brenner et al. [26], an annealing step was performed after the growth of
the AlInN layer, which may cause a roughening of the top-most surface
due to In-desorption [18,26]. Moreover, the SE data is used to extract
the absorption coefficient (aE)?, as shown in the insert in Fig. 2. The
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Fig. 1. . (a) XRD ®/26 (002) scan of the Al 15Ing goN (~275 nm) sample grown on GaN on sapphire, and (b) an AFM (1 um X 1 pm) scan of the sample with an RMS
roughness of ~3.41 nm. The insert in (a) is the reciprocal space map scan in the (1 0 I 5) direction.
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Fig. 2. . Refractive index (n,) and extinction coefficient (k) as a function of
wavelength for the AljgoIng1gN sample measured via spectroscopic ellipso-
metry. Data from Aschenbrenner et al. (Ref. [25]) for an Alg g25Ing 175N sample
is also plotted for reference purposes.

dashed line in the insert is drawn as a tangent to the absorption curve
and it intersects at a wavelength of 284 nm, indicating that the energy
bandgap of the sample is ~4.366 eV, similar to previous works [7].
Fig. 3(a) shows the n measured by Hall of the unintentionally-doped
AlInN film at temperatures ranging from 80 K to 350 K. At room tem-
perature it is n-type with a background doping electron concentration
n ~ 3 x 107 ecm ™3, which is lower by nearly an order of magnitude
compared to previously reported values (n ~ 2 x 10'® cm™3). A de-
crease by an order of magnitude compared to previous results is a
significant step towards the potential integration of AlInN in power
devices and realization of p-type doped AlInN layers suitable for DUV
applications [15,19] and may indicate that there is further improve-
ment possible with additional growth optimization. The behavior of the
electron concentration versus temperature are “textbook” and observed
in Fig. 3(a), with an intrinsic region at high temperatures (1000/
T < b5), a saturation region at mid-range temperatures, and lastly a
freeze-out region at the lowest temperatures (1000/T > 9). Further-
more, Fig. 3(b) shows the electron mobility as a function of temperature
for the AlInN film, for temperatures from 80 K to 350 K. The mobility
peaks at ~170 K (u,, ~ 820 cm?/V's) and is u, ~ 320 cm?/V's at room
temperature. The mobilities drop at higher temperatures as expected
due to the influence of non-polar optical phonon scattering, while at
lower temperatures the impurity scattering limits the maximum mobi-
lity [27]. Thus, our optimized growth conditions for obtaining AllInN
films grown on u-GaN (on sapphire) result in a high electron mobility
and very low background doping density, which are essential material
properties for enabling the use of AlInN in next-generation power
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devices.

It is important to determine if the strong polarization-induced
electric fields and resulting 2-dimensional electron gas (2DEG) at the
GaN/AlInN interface affects the Hall measurements. Sztein et al. [28]
have shown that “thick” (~280 nm) n-type AlInN films can be reliably
measured using Hall measurements in the Van der Pauw configuration,
as the effect of the high mobility 2D electron gasses (2DEG) are
minimal. However, the Hall measurements of the AlInN film in this
study have lower electron concentrations with less carrier screening,
and therefore a computational analysis is performed to confirm that the
electron concentrations are, in fact, unperturbed from the 2DEG effects.
Typically, other groups have performed current-voltage (C-V) mea-
surements [15,30] to determine carrier concentrations in unin-
tentionally doped and doped (p or n) AlInN films. Here, we show that
the carrier concentration can still be extracted using the Hall mea-
surement technique under certain conditions.

To verify our Hall measurements, the AlInN on GaN structure is
simulated using Silvaco Atlas TCAD software using best known values
for GaN and AlInN [31]. The inset in Fig. 4(a) shows the simulated
structure, where a GaN (5 pm) layer is on top of c-plane sapphire and is
followed by a ~275 nm Alg g2Ing 18N layer and air. The structure is
simulated with and without the polarization-induced 2DEG to de-
termine the error this additional conductivity causes in the determi-
nation of n. Fig. 4(a) shows a diagram of the actual n versus the mea-
sured n. In particular, the dashed line in Fig. 4(a) represents the ideal
case, where the effect of the 2DEG is entirely negligible, allowing for
the direct determination of the carrier concentration from the Hall
measurement. The simulation (solid line) indicates that at n below
~10'7 ecm ™3, the measured n deviates substantially from the actual n,
deeming the Hall measurement as unreliable. Fig. 4(a) plots the actual
versus measured electron concentration and presents a guide for esti-
mating the error in the Hall-measured data for films of similar thick-
nesses. Thus, it is possible to estimate the corrected (n,,) value for the
electron concentration, which in our case would modify the measured
values by roughly ~3-4%, and give a value of n, . ~ 3.15 x 107 cm ™3,
In Fig. 4(b), a band diagram of the simulated structure is shown, where
Ec and Ey represent the conduction and valence band edges, respec-
tively. In this case, n ~ 2 x 107 cm ™3 is chosen to closely mimic that
of the grown structure. The 2DEG is present at the interface, although a
large fraction of the AlInN layer that is responsible for most of the
conduction has flat bands. Therefore, at this electron concentration the
Hall measurements are reasonably accurate for this this specific struc-
ture.

Growing AlInN films on GaN on sapphire leads to the generation of
V-defects due to threading dislocations that propagate from the un-
derlying GaN layer. As the AlInN film thickness increases, these defects
allow for incorporation of oxygen and other impurities into the film. By

1000

[ (b) Alp.g2Ing 16N
[ (~275 nm)
800 |
600 |
400 |
200 |
0+ % :
0 5 10 15

1000/ T [1/K]

Fig. 3. . (a) Electron concentration and (b) mobility plotted as functions of 1000/Temperature (T) for the Al g>Ing 1gN sample grown on u-GaN, for temperatures

varying from 80 K up to 350 K.
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growing on free-standing (FS) GaN substrates the impurity incorpora-
tion and defect density could be significantly reduced and may thus
lead to even lower background doping densities on the order of ~10'°
cm ™3, Secondary ion mass spectroscopy (SIMS) measurements per-
formed on the AlInN samples and the analysis (data not shown) in-
dicated very low Si concentrations (~10'7 atoms/cm ~3), that is closely
matched to the measured background carrier concentration.
Additionally, the SIMS results show a Si spike at the AlInN/GaN in-
terface, indicating that the initial stage of the growth is influenced by
the exposure of the u-GaN to ambient air, resulting in Si accumulation
at the surface [32]. Moreover, other studies have pointed out that
oxygen is omnipresent during growth and tends to saturate at a level of
~10'° atoms/cm ~ 3, similar to what we observe in our sample. Carbon
levels, on the other hand, are more prone to growth conditions and can
be controlled to achieve values of ~10'® atoms/cm 2 [29]. It is also
important to note that the reduction in the background carrier con-
centration may be related to our improved growth conditions, as similar
studies in Ref. [29] have shown the relation of the carbon and oxygen
incorporation as a function of reactor pressure, deeming the ~75 Torr
as possibly ideal for the growth of AlInN. Although the effect of the
optimized growth conditions, as compared to our previous works in Ref.
[23], is still relatively unknown, it is possible that the reactor con-
ditioning and preparation may also play a role in improving the overall
material quality and should therefore be closely monitored in future
experiments. Thus, going forward, one of the important aspects towards
achieving AlInN films with even lower background doping densities
will require lowering the carbon and silicon levels in the film, while
carefully optimizing the reactor for the growth of the AlInN semi-
conductor.

4. Conclusion

The growth of ~275 nm thick AlInN films nearly lattice-matched to
GaN (on sapphire) via MOVPE is reported. The structural and mor-
phological characteristics determined by XRD and AFM measurements
show relatively smooth surfaces. Spectroscopic ellipsometry measure-
ments provide refractive index, extinction coefficient and absorption
spectra that are similar to previous reports. In addition, temperature-
dependent Hall measurements in the Van der Pauw configuration show
low Dbackground doping densities with a room-temperature
n~ 3 x 107 ecm ™2 and a mobility of u, ~ 320 cm?/V's. Moreover,
TCAD simulations of the grown structure show that the influence of the
2DEG arising from the GaN/AlInN interface on the Hall-measured
carrier concentration are minimal. Thus, our results indicate the pro-
mising potential of careful growth optimization for achieving high-
quality AlInN films with low surface roughness and low background

doping densities. Such AlInN films are interesting for the next-genera-
tion, Ill-nitride-based power devices.
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