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Cagla Ozgit-Akgun,*®® Eda Goldenberg,? Ali Kemal Okyay®*® and Necmi Biyikli*®°

The authors report on the use of hollow cathode plasma for low-temperature plasma-assisted atomic layer
deposition (PA-ALD) of crystalline AIN, GaN and AlGa; 4N thin films with low impurity concentrations.
Depositions were carried out at 200 °C using trimethylmetal precursors and NHz or N,/H, plasma. X-ray
photoelectron spectroscopy showed the presence of 2.5-3 at.% O in AIN and 1.5-17 at% O in GaN
films deposited using NHs and N,/H, plasma, respectively. No C impurities were detected within the
films. Secondary ion mass spectroscopy analyses performed on the films deposited using NHz plasma
revealed the presence of O, C (both <1 at.%), and H impurities. GIXRD patterns indicated polycrystalline
thin films with wurtzite crystal structure. Hollow cathode PA-ALD parameters were optimized for AIN
and GaN thin films using N»/H, plasma. Trimethylmetal and N,/H, saturation curves evidenced the self-
limiting growth of AIN and GaN at 200 °C. AIN exhibited linear growth with a growth per cycle (GPC) of
~1.0 A. For GaN, the GPC decreased with the increasing number of deposition cycles, indicating
substrate-enhanced growth. The GPC calculated from a 900-cycle GaN deposition was 0.22 A
Ellipsometric spectra of the samples were modeled using the Cauchy dispersion function, from which
the refractive indices of 59.2 nm thick AIN and 20.1 nm thick GaN thin films were determined to be 1.94
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Accepted 7th January 2014 and 2.17 at 632 nm, respectively. Spectral transmission measurements of AIN, GaN and Al,Ga; 4N thin
films grown on double side polished sapphire substrates revealed near-ideal visible transparency with
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Introduction

In the last few decades, considerable research has been devoted
to the growth and characterization of IlI-nitride compound
semiconductors (AIN, GaN, and InN) and their alloys, which
emerged as versatile and high-performance materials for a wide
range of electronic and optoelectronic device applications.
Waurtzite type III-nitrides exhibit direct band gaps, which extend
from the ultra-violet (UV) to the mid-IR spectrum with values of
6.2, 3.4 and 0.64 eV for AIN, GaN, and InN, respectively."* This
feature allows the band gap of any ternary or quaternary III-
nitride alloy to be easily tuned within the specified limits to
adjust to a particular application. Metalorganic chemical vapor
deposition (MOCVD)** and molecular beam epitaxy (MBE)®
have already been proven to be successful techniques for

“UNAM - National Nanotechnology Research Center, Bilkent University, Ankara,
06800, Turkey. E-mail: ozgit@bilkent.edu.tr; biyikli@unam.bilkent.edu.tr; Fax: +90
(312) 266 4365; Tel: +90 (312) 290 3556

*Institute of Materials Science and Nanotechnology, Bilkent University, Ankara, 06800,
Turkey

‘Department of Electrical and Electronics Engineering, Bilkent University, Ankara,
06800, Turkey

This journal is © The Royal Society of Chemistry 2014

the increasing Al content, indicating the tunability of band edge values with the alloy composition.

achieving high-quality epitaxial III-nitride layers with low
impurity concentrations and decent electrical properties.
However, both of these methods employ high growth temper-
atures, which is neither compatible with the existing CMOS
technology nor suitable for temperature-sensitive device layers
(e.g. In-rich In,Ga, ,N) and substrates (e.g. glass, flexible poly-
mers, etc.). This incompatibility necessitates the development
of alternative low-temperature processes for the deposition of
III-nitride thin films and their alloys.

Atomic layer deposition (ALD) is a low-temperature material
growth method, which is based on self-terminating surface
reactions.® Unlike chemical vapor deposition (CVD), in ALD,
precursors are pulsed into the reactor one at a time, separated
by purging and/or evacuation periods. Unless decomposition
occurs, precursor molecules do not tend to react with them-
selves and hence the reaction terminates when all the available
reactive surface sites are occupied. This special growth mech-
anism is termed as “self-limiting” and results in highly uniform
and conformal thin films, whose thicknesses can be controlled
at the sub-angstrom scale. This makes ALD a powerful method
especially for depositing films on nanostructured templates,””
which is considered as a successful approach for improving the
efficiency and/or sensitivity of devices through surface area
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enhancement. Moreover, alloy thin films can be easily depos-
ited using ALD, either by controlling the relative vapor pressures
of the precursors which are being pulsed into the reactor
simultaneously during one of the half-cycles, or by designing a
cycle that consists of subcycles of the constituent materials. The
latter, which is generally named as “digital alloying”, is a unique
and facile route for obtaining alloy thin films with well-defined
compositions.

Thermal ALD of AIN has been extensively studied using
ammonia (NH;3) and various Al precursors: aluminum tri-
chloride (AICl;)," dimethylethylamine alane (Me,EtN:AlH;),"
triethylaluminum (AlEt;)," trimethylaluminum (AlMej;),** tri-
methylamine alane (Me;N:AlH;)"* (with deuterated ammonia
(ND3)), and tris(dimethylamido)aluminum (Al,(NMe,)s).*
Plasma- and UV-assisted ALD of AIN have also been reported
for AICI;-NH;3/H,,'*"” AlMe;-NH; (ref. 18 and 19) and AlMe;—
N,/H, (ref. 20) combinations. Although AICl; is a highly reac-
tive and thermally stable precursor, which yields good results
in terms of achieving true ALD conditions, the use of haloge-
nated precursors is in general not preferred due to several
reasons. Most importantly, their reaction with hydrogen-con-
taining nonmetals results in gaseous corrosive by-products
(HCI in the case of chloride precursors), which can etch the
deposited film, as well as the reactor components. Further-
more, halide ligands incorporate into the growing film and
remain as impurities. They also create a memory effect in the
chamber; i.e. residual halides in the system contaminate the
subsequently deposited films for a long period of time
following the use of a halogenated precursor. Among all the
metalorganic Al precursors listed above, AlMe; is probably the
most recognized one due to the well-known AlMe;-H,0O
thermal ALD process that is designed for depositing dielectric
Al,O; layers.® Unfortunately, thermal ALD of AIN using AlMe;
and NH; is not possible since these two precursors only react
at temperatures where AlMe; self-decomposition occurs.*
Therefore, true ALD conditions for the deposition of AIN
using AlMe; and NH; can only be achieved if the deposition
temperature is lowered by enhancing the reactivity of NH;
using an external energy source, such as plasma. Plasma-
assisted ALD (PA-ALD) of nitride thin films is not limited by
the use of NH;; alternatively, a mixture of N, and H, gases can
also be employed to create similar plasma radicals. Recently,
our group reported on the PA-ALD of polycrystalline wurtzite
AIN thin films at temperatures ranging from 100-500 °C.>*"**
Films deposited at temperatures within the ALD window
(100-200 °C for both NH; and N,/H, processes) were C-free
and had low O concentrations (<3 at.%) despite the fact that
5N-grade plasma gases were used without any further puri-
fication. It is worth noting that the number of publications
focusing on the PA-ALD (or plasma-assisted atomic layer
epitaxy, PA-ALE) of AIN using AlMe; has increased consider-
ably in the last few years.?*® AIN films deposited using PA-ALD
were reported to be either amorphous or polycrystalline.**” In
a very recent study, Nepal et al.”® demonstrated the PA-ALE of
AIN films at 200-650 °C using AlMe; and N, plasma, and
emphasized the significance of ex situ and in situ surface
pretreatments for obtaining epitaxial thin films. PA-ALD and
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-ALE grown AIN thin films were used in memristors,* tran-
sistors,**** and in other devices for work function tuning®* and
passivation.**%’

When compared to AIN, a significantly less number of
publications concentrated on the ALD of GaN thin films.
Thermal and plasma-assisted ALE, as well as thermal ALD of
GaN have been studied at temperatures >450 °C using trie-
thylgallium (GaEt3),*® trimethylgallium (GaMe;),***° and
gallium trichloride (GaClz)*** precursors. Lower ALE growth
temperatures (350-400 °C) were achieved when gallium chlo-
ride (GaCl) was used as the Ga precursor.** Sumakeris et al.**
used a novel reactor design that employs hot filaments to
decompose NH; and deposited epitaxial GaN films using GaEt;
within the temperature range of 150-650 °C. Recently, Sharp
et al.*® presented their results on the PA-ALD of GaN thin films
using GaEt; and N,/H, plasma. In their study, the concentra-
tions of O and C impurities in GaN films were reported to be =3
at.%. Our initial efforts for depositing GaN thin films using
GaEt; or GaMe; with NH; plasma resulted in amorphous thin
films with high O concentrations (~20 at.%).***” Although - at
first - the most probable source of this contamination was
presumed as the O-containing impurities in the 5N-grade NH;
gas, subsequent experiments revealed the true source as the
quartz tube of the inductively coupled plasma source itself.
Such plasma-related oxygen contamination was also reported
for GaN thin films grown by remote plasma enhanced CVD.*® In
view of these circumstances, the choice of N-containing plasma
gas (N,, N,/H, or NH;) determined the severity of O incorpo-
ration into AIN and GaN films deposited by PA-ALD.*® We were
able to deposit polycrystalline wurtzite GaN thin films with
4.7 at.% O and 4.2 at.% C impurities using the GaMe;-N,/H,
PA-ALD process at 200 °C. As an effort to completely avoid this
contamination problem, we replaced the original quartz-based
inductively coupled RF-plasma (ICP) source of the ALD system
with a stainless steel hollow cathode plasma (HCP) source,*
which has been recently used for the deposition of epitaxial GaN
thin films by migration enhanced afterglow.*

Here, we report on the low-temperature hollow cathode PA-
ALD (HCPA-ALD) of crystalline AIN, GaN and Al,Ga; ,N thin
films with low impurity concentrations. To the best of our
knowledge, this is the first study reporting on the integration of
HCP and ALD, as well as the first low-temperature self-limiting
growth of crystalline Al,Ga; ,N thin films. Materials charac-
terization efforts including structural, chemical, surface, and
optical analyses are presented in detail.

Experimental details

Hollow cathode plasma-assisted atomic layer deposition

AIN, GaN and Al,Ga; N thin films were deposited at 200 °C in a
modified Fiji F200-LL ALD reactor (Ultratech/Cambridge
NanoTech Inc.), which is backed by an Edwards nXDS20iC dry
scroll vacuum pump. In this modified configuration, the orig-
inal quartz-based ICP source of the ALD system was replaced
with a stainless steel HCP source (Meaglow Ltd.). The original
RF power supply (Seren IPS Inc., R301), matching network
controller (Seren IPS Inc., MC2) and automatic matching
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network (Seren IPS Inc., AT-3) units were used to activate the
HCP discharge. Prior to depositions, Si (100), Si (111), and c-
plane sapphire substrates were cleaned by sequential ultrasonic
agitation in 2-propanol, acetone, methanol, and deionized (DI)
water. For the native oxide removal, Si substrates were further
dipped into dilute hydrofluoric acid solution (HF, 2 vol%) for
~2 min, then rinsed with DI water and dried with N,. The
substrates were then immediately loaded to the reactor using a
load lock and kept at the deposition temperature for at least
20 min before the process was initiated. All depositions were
started with the metalorganic pulse. Trimethylaluminum
(AlMe;) and trimethylgallium (GaMes) were used as the Al and
Ga precursors, respectively. AlMe; was kept at room tempera-
ture, whereas GaMe; was cooled down to 6 °C using a home-
made Peltier cooling system. 5N-grade NH;, N, and H, plasma
gases, and the carrier gas, Ar, were further purified using
MicroTorr gas purifiers. Metalorganic precursor pulses and
plasma gases were carried from separate lines by 30 and
100 sccm Ar, respectively. The speed of the Adixen ATH 400 M
turbo pump was adjusted in order to obtain a base pressure of
~150 mTorr. Remote plasma (300 W) was activated at each cycle
only during the flow of N-containing plasma gas. Unless stated
otherwise, the system was purged for 10 s after each exposure.

Film characterization

Ellipsometric spectra were recorded in the wavelength range of
300-1000 nm for AIN, and 400-1200 nm for GaN and Al,Ga; _,N
thin films at three angles of incidence (65°, 70°, and 75°) using a
variable angle spectroscopic ellipsometer (V-VASE, ]J.A. Woollam
Co. Inc.) with a rotating analyzer. Optical constants and film
thicknesses were extracted using the Cauchy dispersion func-
tion using a two-layer model; i.e. Cauchy/Si (0.5 mm). Chemical
compositions and bonding states were determined by X-ray
photoelectron spectroscopy (XPS) using a Thermo Scientific
K-Alpha spectrometer with a monochromatized Al K, X-ray
source. The pass energy, step size, and spot size were 30 eV,
0.1 eV, and 400 um, respectively. Etching of the samples was
carried out in situ with a beam of Ar ions having an acceleration
voltage of 1 kv. High-resolution XPS (HR-XPS) data were cor-
rected for charging by shifting peaks with respect to the
adventitious C peak located at 284.8 eV. Peak deconvolution was
performed using the Avantage Software, without applying any
restrictions to spectral location and full width at half maximum
(FWHM) values. Secondary ion mass spectroscopy (SIMS)
measurements were realized by the Evans Analytical Group
(EAG) using a Physical Electronics Quadrupole SIMS instru-
ment. Analyses were carried out using EAG's proprietary
analytical protocols. Calibrations were based on relevant AIN,
GaN and AlGaN internal standards for concentration and depth.
Atomic mixing or depth resolution of the primary ion beam
setup was <9 nm per decade. X-ray reflectivity (XRR) and
grazing-incidence X-ray diffraction (GIXRD) measurements
were carried out with a PANalytical X'Pert PRO MRD diffrac-
tometer using Cu K, radiation. GIXRD patterns were obtained
by performing 10 repeated scans within the 2theta range of 20-
80° with a step size of 0.1° and a counting time of 10 s. These
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scans were then added together in order to obtain a single
GIXRD pattern with good intensity values. Peak positions and
the corresponding interplanar spacing values were obtained by
fitting the GIXRD data using PANalytical X'Pert HighScore Plus
Software. Using the same software, line profile analysis (LPA)
was applied to each GIXRD pattern. Instrumental broadening
was corrected using a polycrystalline silicon monitor sample,
whose GIXRD data were obtained by performing 3 repeated
scans within the 2theta range of 10-145° with a step size and a
counting time of 0.06° and 10 s, respectively. XRR data were
fitted by the PANalytical X'Pert Reflectivity Software using a
four-layer model, i.e. Al,03 (or Ga,03)/AIN (or GaN)/SiO,/Si. An
FEI Tecnai G2 F30 transmission electron microscope (TEM) at
an operating voltage of 300 kv was used for the imaging of
samples prepared using an FEI Nova 600i Nanolab focused ion
beam (FIB) system. The samples were prepared at an accelera-
tion voltage of 30 kV, using various beam currents ranging from
50 pA to 21 nA. For the GaN and Al,Ga; ,N thin film samples,
damage layers formed at the film/substrate interfaces were
treated by FIB milling using beam voltages of 5 and 2 kV,
respectively. An atomic force microscope (AFM, Park Systems
Corp., XE-100) operating in the contact mode was used to reveal
surface morphologies of the deposited thin films. Normal
incidence transmission measurements were performed relative
to air within the range of 220-900 nm using an Ocean Optics
UV-VIS-NIR single beam spectrophotometer (HR4000CG-UV-
NIR).

Results and discussion

AIN and GaN thin films deposited using non-optimized HCPA-
ALD parameters

AIN and GaN thin films were first deposited on 4" Si (100)
substrates at 200 °C using non-optimized process parame-
ters. 800 cycles were deposited, where one cycle consisted of:
0.1 s AlMe; or 0.015 s GaMe;/10 s Ar purge/40 s, 300 W NH;
plasma (50 sccm) or N,/H, plasma (50 sccm each)/10 s Ar
purge. Table 1 summarizes the spectroscopic ellipsometry
(SE) results obtained from AIN and GaN thin film samples
deposited using NH; and N,/H, plasma processes, where the
average thickness (ta.g), average refractive index (n,.g), and
uniformity data were obtained by the evaluation of spectra
taken from five different points on the Si 4" wafer (the center
and the edges). The growth per cycle (GPC) was calculated by
dividing t,,¢ by the number of cycles applied, assuming that a
constant amount of material was deposited in each cycle.
When compared to N,/H, plasma, the use of NH; plasma
resulted in slightly higher GPC values for both AIN and GaN
thin films. On the other hand, films deposited using N,/H,
plasma were better in terms of thickness uniformity.
Although these deposition experiments were carried out
using HCPA-ALD parameters that are not optimized for true
ALD conditions, the resulting films were reasonably uniform
with a wafer-level uniformity of = +1.5%. It is also worth
mentioning that we achieved higher GPC values for AIN (1.02
and 0.96 A for NH; and N,/H, plasma processes, respectively)
using the present configuration; GPC values that we obtained
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Table 1 SE results of AIN and GaN thin films deposited using non-optimized HCPA-ALD parameters

Sample tavg (NM) Uniformity® of ¢ (+%) GPC (A) Nayg’ Uniformity® of n (+%)
AIN (NH; plasma) 81.5 1.23 1.02 1.98 0.04
AIN (N,/H, plasma) 76.7 1.05 0.96 1.99 0.15
GaN (NH; plasma) 21.1 1.51 0.26 2.17 0.50
GaN (N,/H, plasma) 18.4 1.31 0.23 2.14 0.17

“ Uniformity (+£%) is calculated by the formula: [(max — min)/(2 x avg)] x 100. ® Nayg is the average refractive index at 632 nm.

using the previous configuration with a quartz-based ICP
source (described elsewhere*') were 0.86 (ref. 21) and 0.55 A
(ref. 23) for NH; and N,/H, plasma processes, respectively.
Although this improvement may be related to the higher
plasma density of the HCP source, this cannot be stated for
sure since the base pressure and Ar carrier flow rates were not
the same for the current and previous configurations. Refrac-
tive indices of the AIN thin films deposited using NH; and N,/
H, plasma were 1.98 and 1.99 at 632 nm, respectively, which
are higher than the values measured for AIN thin films
deposited using the quartz-based ICP source and in good
agreement with the values given in the literature for poly-
crystalline AIN thin films.?> We measured the refractive indices
of GaN films deposited using NH; and N,/H, plasma to be 2.17
and 2.14, respectively, which are comparable to values given in
the literature.”

XPS survey scans detected 6-11 at.% C and 15-30 at.% O on
the AIN and GaN film surfaces. AIN surfaces were more prone
to atmospheric oxidation (25-30 at.% O) as compared to GaN
surfaces (15-16 at.% O). Additional XPS survey scans were
obtained with constant time intervals (e.g. 60 s) as the samples
in the ultra high vacuum (UHV) chamber of the XPS system
were etched with a beam of Ar ions. For all the four samples,
the C 1s peak disappeared with the first etch; therefore no C
was detected in the subsequent scans. O concentrations in the
AIN thin films gradually decreased with each etch, and became
constant for ¢e..n = 300 s. The XPS survey scan obtained after
600 s of etch revealed the elemental composition of the AIN
thin film deposited using NH; plasma to be 50.45 at.% Al,
45.56 at.% N, and 2.45 at.% O. The remaining 1.54 at.%
corresponds to Ar, which incorporates into the samples during
ion etching. The elemental composition of the AIN deposited
using N,/H, plasma was very similar to that deposited using
NH; plasma. The survey scan (feen = 600 s) indicated 50.77
at.% Al, 44.90 at.% N, 2.97 at.% O, and 1.37 at.% Ar for this
sample. These results indicate that the AIN films are slightly
Al-rich with AIl/N ratios of 1.11 and 1.13 for the samples
deposited using NH; and N,/H, plasma processes, respec-
tively. Elemental compositions of the GaN thin films were also
determined using XPS (Ze¢cn = 60 S), where 42.19 at.% Ga, 55.18
at.% N, 1.51 at.% O, 1.13 at.% Ar, and 42.24 at.% Ga, 54.57
at.% N, 1.65 at.% O, and 1.54 at.% Ar were detected for the
samples deposited using NH; and N,/H, plasma, respectively.
Although these results suggest N-rich GaN films, it should be
noted that the atomic concentration of N is overestimated due
to the significant contribution of Auger Ga peaks, which
overlap with the N 1s peak.

2126 | J. Mater. Chem. C, 2014, 2, 2123-2136

In terms of O impurity concentrations determined by XPS, it
seems that the use of the HCP source did not result in any
improvement as we already reported <3 at.% O for AIN films
deposited using the ICP source.*** However it should be noted
that the determination of impurity concentrations by XPS can
be challenging. Butcher et al®* reported that using XPS to
examine AIN thin films after etching the surface with a 5 kv
argon ion beam results in substantial errors in the quantifica-
tion of O and C impurities present in this material. In another
study,® it was reported that XPS can detect 2-5 at.% O - again
after Ar ion etching - for commercial GaN samples which have
approximately 0.02% bulk O as confirmed by SIMS. In order to
further investigate this, we obtained SIMS depth profiles for AIN
and GaN thin films deposited using NH; plasma (Fig. 1). SIMS
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Fig.1 Impurity concentrations determined by SIMS depth profiling for
(a) AIN and (b) GaN thin films deposited using NHz plasma. Silicon is not
quantified in the layers, only plotted as the substrate layer marker.
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data showed that H, C, and O impurities present in both films.
Concentrations of O and C were 6.9 x 10°° and 2.5 x 10°° atoms
per cm” in the bulk AIN film (depth = 30 nm) (Fig. 1(a)), both of
which correspond to <1 at.%. In the literature, similar quanti-
ties of O and C impurities were reported for AIN thin films
deposited using PA-ALD.* The SIMS depth profile of the GaN
film is given in Fig. 1(b), where the lower plateau (7-10 nm)
reveals the real concentration of O in the GaN layer. The higher
O concentration in the 0-5 nm region is an artifact from ion
mixing from the surface O. Concentrations of O and C impu-
rities were determined to be 1.4 x 10*° and 1.8 x 10*° atoms per
cm?® in the bulk GaN film (depth = 7 nm), both corresponding to
<1 at.%. Concentrations of the H impurities were high in both
films with values of 5.6 x 10" and 8.0 x 10>' atoms per cm? for
AIN and GaN, respectively. This observation is in parallel with
the results recently published by Perros et al.,*” which empha-
size the presence of high concentrations (~20 at.%) of H
impurities in AIN thin films deposited by PA-ALD using NH;
and N,/H, plasma. Film thicknesses estimated by SIMS were
lower than those measured using SE, which is probably due to
the different etch rates of AIN and GaN thin films deposited
using HCPA-ALD and the standard samples used to quantify
impurity concentrations.
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Fig.2 GIXRD patterns of (a) AIN and (b) GaN thin films deposited on Si
(100) substrates using NH3z plasma. The GIXRD pattern of the AIN thin
film deposited using a quartz-based ICP source? is also shown in (a)
for comparison.
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GIXRD patterns of AIN and GaN thin films deposited using
NH; plasma are given in Fig. 2. The same GIXRD patterns were
obtained for the AIN and GaN thin films deposited using N,/H,
plasma (not shown here); the use of different plasma gases (NH;
vs. N,/H, plasma) affected neither the peak positions nor the
relative intensities of peaks. As revealed by their GIXRD
patterns, AIN and GaN films were polycrystalline with (hexag-
onal) wurtzite crystal structure. Crystallite size values were
calculated from the (002) reflections using LPA. Since the size-
strain broadening was quite anisotropic we were not able to
determine an average value using the Williamson-Hall plot.
Crystallite sizes were found to be 19.2 and 24.8 nm for AIN, and
10.2 and 9.3 nm for GaN films deposited using NH; and N,/H,
plasma processes, respectively. The GIXRD pattern of the AIN
thin film deposited using the quartz-based ICP source is also
included in Fig. 2(a) for comparison. The increase in the
intensity of the (002) reflection and improvement in the FWHM
values suggest larger crystallites and therefore an enhancement
in the crystalline quality for films deposited using the current
configuration with the HCP source. LPA analysis results
obtained for the (002) reflections showed that the crystallite
sizes, which were 3.4 and 3.1 nm for AIN films deposited using
NH; and N,/H, plasma, respectively, increased to 20-25 nm
with the use of the present configuration. Assuming that a
significant fraction of O impurities segregate at the grain
boundaries, the increase in crystallite size might indicate a
decrease in the O impurity concentration. Fig. 3(a) and (b) show
the TEM and high-resolution TEM (HR-TEM) images of the GaN
thin film deposited using NH; plasma. The ~3 nm thick
amorphous SiO, layer at the GaN/Si interface, which is generally
named as the “damage layer”, formed during the TEM sample
preparation using FIB.°® The thickness of the GaN layer was
measured from the HR-TEM image (Fig. 3(b)) to be 19.2 nm,
which is ~2 nm lower than the value measured using SE (i.e.
21.1 nm). XRR, on the other hand, yielded a thickness of
18.2 nm for this sample (sum of the GaN and Ga,O; layer
thicknesses in the 4-layer XRR model), which is slightly lower
than the value directly measured from the HR-TEM image.
Besides confirming the polycrystallinity of the GaN layer, the
HR-TEM image also evidences the existence of large crystals in
the film, which can extend along the film thickness. Diffraction
rings seen in the SAED pattern (Fig. 3(c)) also reveal the poly-
crystalline nature of the GaN thin film, whereas reciprocal
lattice points in this pattern correspond to the diamond lattice
of the underlying Si (100) substrate.

Optimization of HCPA-ALD parameters

AIN thin films. HCPA-ALD parameters were optimized at
200 °C for the deposition of AIN thin films using AlMe; and N,/
H, plasma. For the AlMe; saturation curve (Fig. 4(a)) 200 cycles
AIN were deposited on Si (100) substrates using different
AlMe; pulse lengths, where one HCPA-ALD cycle was 0.03-0.12
s AlMe;/10 s Ar purge/40 s, 50 + 50 sccm, 300 W N,/H, plasma/
10 s Ar purge. As seen in Fig. 4(a), the GPC values calculated
using SE and XRR data followed the same trend with different
values, and the GPC slightly decreased with increasing AlMe;
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Fig. 3 Cross-sectional (a) TEM and (b) HR-TEM images of a 21 nm thick GaN thin film deposited on a Si (100) substrate using NH3z plasma. The
FIB-induced SiO, damage layer formed at the GaN/Si interface during TEM sample preparation. (c) SAED pattern of the same sample.

pulse lengths. Physically, such a decrease is not possible since
as the pulse length increases the amount (or number) of AlMe;
molecules that are being carried to the reactor increases,
which in turn increases the number of collisions the reactant
has with the surface. Precursors may desorb from the surface
when long purge times are used, however this should not be
the case here since a constant purge time of 10 s was used for
all depositions. Therefore the slight decrease in GPC was
considered to be within the limits of measurement error, and
ignored, and GPC was accepted as a constant at ~0.93 A (as
measured by SE) for the AlMe; pulse length range of 0.03-0.12
s. Although 0.03 s AlMe; seems to be enough for having self-
limiting surface reactions, we selected 0.06 s as the optimized
value for the following depositions. As the next step of opti-
mization study, the flow duration of N,/H, plasma was varied
while keeping the other parameters constant (Fig. 4(b)). The
data obtained using SE and XRR revealed different trends.
According to the curve plotted using XRR data, the GPC first
slightly increases and then reaches saturation for flow dura-
tions =40 s. According to the SE data, it increases from 0.89 to
0.99 A with longer durations of N,/H, flow within the 20-80 s
range. It should be noted that since Si substrates were treated
with HF prior to each deposition, the ellipsometric spectra
were fitted using a two-layer model (i.e. Cauchy/Si (0.5 mm)) by
assuming that the thickness of the SiO, layer at the AIN/Si

interface was negligible. XRR data, on the other hand, were
fitted using a four-layer model (i.e. Al,0;/AIN/SiO,/Si);
thicknesses of AIN and surface oxide (Al,O3) layers were
added together for revealing the film thickness, which was
then used for the calculation of the GPC value. When the
thicknesses of native SiO, layers were also included to the film
thickness values (shown in Fig. 4(b)), the results resembled those
obtained by SE, where no saturation behavior was observed.
Although the applicability of the Cauchy dispersion function for
the determination of the AIN film thickness was verified by
TEM,* the results suggest that the increase in GPC values
obtained by SE for N,/H, flow durations =40 s is due to the
contribution of the native oxide layer. Therefore, it can be
presumed that the self-limiting surface reactions are achieved for
AIN deposition when 40 s or longer N,/H, plasma is used with
predetermined N, and H, flow rates. Another parameter, which
needs to be optimized, is the purge time. If the purge time is not
long enough, then the precursor might be introduced into the
chamber before the other one is completely purged away. This
would result in gas-phase reactions and a significant CVD
component in the deposited films. In order to optimize this
parameter for the deposition of AIN thin films, we did additional
depositions using 5 and 20 s purge time, where the AlMe; pulse
length was 0.06 s and the N,/H, flow duration was 40 s. The GPC
values, which were calculated using SE results, were found to be
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(@) AlMez and (b) N,/H, saturation curves at 200 °C. For the AlMes saturation curve, the Ny/H, flow rate and flow duration were kept

constant at 50 + 50 sccm and 40 s, respectively. The AlMes pulse length was 0.06 s for the N,/H, saturation curve. (c) The AIN film thickness

plotted as a function of the number of deposition cycles.
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0.90, 0.93, and 0.92 A for 5, 10, and 20 s of purging, respectively.
This confirms that 10 s purging is long enough to avoid any gas-
phase reactions, and even 5 s can be used to have shorter cycles.
The optimized recipe was therefore determined for the AIN
growth to be 0.06 s AlMe;3/10 s Ar purge/40 s, 50 + 50 sccm, 300 W
N,/H, plasma/10 s Ar purge. In Fig. 4(c), the AIN film thicknesses
measured using SE and XRR were plotted as a function of the
number of cycles. Results indicated linear growth with a slight
nucleation delay. The slope of the linear fit of SE data revealed the
GPC at 200 °C to be ~1.0 A.

GaN thin films. HCPA-ALD parameters were optimized at
200 °C for the deposition of GaN thin films using GaMe; and N,/
H, plasma, where 300 cycles were deposited using 0.015-0.09 s
GaMe;/5-20 s Ar purge/20-80 s, 50 + 50 s, 300 W N,/H, plasma/
5-20 s Ar purge. Fig. 5(a) shows the GaMe; saturation curve,
which was obtained by varying the GaMe; pulse length between
0.015 and 0.09 s, while keeping the purge time and N,/H,
plasma flow duration constant at 10 and 40 s, respectively. SE
and XRR data revealed curves with similar shapes but slightly
different values. When the GaMe; pulse length was increased
from 0.015 to 0.03 s, the GPC (determined by SE) negligibly
increased from 0.30 to 0.31 A; for 0.06 and 0.09 s it was 0.32 A.
Therefore, the GPC was constant within the range of 0.015-
0.09 s, which evidences the self-limiting growth of GaN. In the
following step, the N,/H, plasma duration was varied between
20 and 80 s (Fig. 5(b)). The GaMe; pulse length and purge time
were 0.03 and 10 s, respectively. According to both SE and XRR
data, the GPC increased upon increasing the N,/H, flow dura-
tion from 20 to 40 s, but then saturated and did not change
when the flow duration was further increased to 80 s, which
again clearly indicates the existence of a “self-limiting” growth
mechanism. Therefore, optimized values of the GaMe; pulse
length and N,/H, flow duration were determined to be 0.03 and
40 s, respectively. The effect of the purge time was studied by
performing depositions with purge times of 5, 10, and 20 s, all
of which resulted with the same GPC. Therefore the optimized
recipe for GaN deposition was determined to be 0.03 s GaMe;/
10 s Ar purge/40 s, 50 + 50 sccm, 300 W N,/H, plasma/10 s Ar
purge. Fig. 5(c) shows GPC values for the optimized recipe,
which were plotted as a function of the number of cycles. Both
SE and XRR data show a similar trend, where the GPC decreases
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with an increasing number of deposition cycles. This suggests
substrate-enhanced growth, where the GPC of GaN on Si is
higher when compared to that of GaN on itself. This kind of
growth behavior can occur if the number of reactive sites on the
substrate is higher than on the ALD-grown material.®

AIN and GaN thin films deposited using optimized HCPA-ALD
parameters

600 cycles AIN and 900 cycles GaN were deposited at 200 °C
using optimized HCPA-ALD parameters. Table 2 summarizes
the SE results of these thin film samples together with the
results of AIN and GaN films deposited using N,/H, plasma with
non-optimized parameters. Note that the non-optimized
parameters used for the deposition of AIN and GaN thin films
using N,/H, plasma were identical to the optimized parameters
except the pulse lengths of AlMe; and GaMe;. Furthermore, it
has been shown in the previous section that the metalorganic
pulse lengths used in the non-optimized recipes (0.1 s for AlMe;
and 0.015 s GaMej) also result in a self-limiting growth mech-
anism (see Fig. 4(a) and 5(a)). For both AIN and GaN thin films,
the use of optimized HCPA-ALD parameters resulted in a better
thickness uniformity over a 4 Si substrate. Refractive indices of
AIN (0.06 s AlMe;) and GaN (0.015 s GaMe;) thin films were
found to be 1.94 and 2.14 at 632 nm, respectively. These values
increased to 1.99 and 2.17 when higher metalorganic pulse
lengths were employed, which might be due to the deposition of
denser films. Refractive index values of AIN and GaN films
determined by the Cauchy dispersion function are both in good
agreement with those reported in the literature.>>

The change in metalorganic pulse lengths did not affect the
chemical compositions of films. Chemical bonding states at the
film surface (¢etcn = 0 s) and in the bulk film (e, = 300 and 60 s
for AIN and GaN, respectively) were determined for the samples
deposited using optimized parameters by the evaluation of their
HR-XPS scans (Fig. 6 and 7). The Al 2p HR-XPS scan obtained
from the AIN film surface (Fig. 6(a)) was fitted by two subpeaks
(subpeaks A and B) located at 73.78 and 72.92 eV, corresponding
to AI-O*” and Al-N°”® bonds, respectively. Upon Ar ion etching,
subpeak A (corresponding to the Al-O bond) disappeared, and
therefore the Al 2p HR-XPS scan was fitted with a single peak
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Fig. 5 (a) GaMez and (b) N»/H, saturation curves at 200 °C. For the GaMejz saturation curve, the N,/H, flow rate and flow duration were kept
constant at 50 + 50 sccm and 40 s, respectively. The GaMes pulse length was 0.03 s for the N,/H, saturation curve. (c) The GPC plotted as a
function of the number of deposition cycles. Data suggest substrate-enhanced growth of GaN thin films.
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Table 2 SE results of AIN and GaN thin films deposited using N»/H, plasma

Sample tavg (NM) Uniformity? of ¢ (+%) GPC (A) Navg’ Uniformity? of n (+£%)
AIN (0.06 s AlMe;)* 59.2 0.57 0.99 1.94 0.28
AIN (0.1 s AlMe;) 76.7 1.05 0.96 1.99 0.15
GaN (0.015 s GaMe;) 18.4 1.31 0.23 2.14 0.17
GaN (0.03 s GaMe;)” 20.1 0.77 0.22 2.17 0.32

“ Optimized values for the HCPA-ALD of AIN and GaN thin films. ? Uniformity (+%) is calculated by the formula: [(max — min)/(2 x avg)] x 100.

¢ Navg is the average refractive index at 632 nm.
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Fig. 6 (a) Al2p and (b) N 1s HR-XPS scans of a 59.2 nm thick AIN thin
film deposited on a Si (100) substrate using optimized HCPA-ALD
parameters.
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Fig.7 (a) Ga 3d and (b) N 1 s HR-XPS scans of a 20.1 nm thick GaN thin
film deposited on a Si (100) substrate using optimized HCPA-ALD
parameters.

(subpeak B, 72.71 eV), which was attributed to the AI-N bonding
state. Additional information about the chemical bonding
states in the AIN film was provided by the N 1s spectrum
(Fig. 6(b)). The N 1s scan obtained from the AIN film surface was
fitted using three subpeaks located at 398.42 (subpeak A),
397.27 (subpeak B), and 396.20 eV (subpeak C), corresponding
to N-Al-O (surface only),® N-Al-O,”® and N-AI’®* bonds,
respectively. The N 1s HR-XPS scan obtained after Ar ion etching

2130 | J. Mater. Chem. C, 2014, 2, 2123-2136

revealed the existence of N-Al-O (subpeak B, 397.37 eV) and N-
Al (subpeak C, 395.79 eV) bonds in the bulk film. Subpeaks
corresponding to Al-N and N-Al bonds in the Al 2p and N 1s
spectra, respectively, confirmed the presence of AIN, whereas
the oxynitride peak (N-Al-O) was related to the <3 at.% O in the
bulk film detected by the XPS survey scan.

Ga 3d and N 1s HR-XPS spectra of the GaN thin film sample
are shown in Fig. 7(a) and (b), respectively. Ga 3d and N 1s
spectra obtained from a commercial MOCVD-grown GaN
sample were also included in these figures for comparison. The
Ga 3d scan revealed the existence of Ga-O®* and Ga-N°®"-%
bonds at the film surface with subpeaks A (20.27 eV) and B
(19.46 eV), respectively. Subpeak D located at 16.98 eV was
related to the contribution from the N 2s core level.*>* The N 1s
spectrum obtained from the film surface was fitted using three
subpeaks located at 396.87 (subpeak A), 395.37 (subpeak B), and
394.36 eV (subpeak C). Subpeak A was assigned to the N-Ga
bond,** whereas subpeaks B and C were identified as the Auger
Ga peaks.® Ga 3d and N 1s spectra obtained from the surface of
the GaN thin film deposited by HCPA-ALD were in good agree-
ment with those obtained from the surface of the commercial
MOCVD-grown sample. The Ga 3d HR-XPS spectrum of the
etched film was fitted with three subpeaks located at 18.83
(subpeak B), 17.60 (subpeak C), and 15.61 eV (subpeak D),
corresponding to Ga-N and Ga-Ga** bonding states, and
contribution from the N 2s core level, respectively. It is believed
that the Ga-Ga bond is not associated with the sample, but
forms during Ar ion etching due to the accumulation of metallic
Ga on the surface of the GaN thin film sample.*** The N 1s
spectrum obtained from the etched film was fitted using three
subpeaks, which were again assigned to the N-Ga bond (sub-
peak A, 396.23 eV) and Auger Ga peaks (subpeak B, 394.72 eV
and subpeak C, 393.39 eV). The spectral locations of the sub-
peaks corresponding to a particular bonding state, contribu-
tion, or Auger peak shifted to lower binding energies for etched
GaN samples. The spectral locations of Ga 3d and N 1s peaks
(teten = 60 s) were also found to be slightly different for HCPA-
ALD- and MOCVD-grown GaN samples. This might be related to
the reference that we used for the correction of charging effects.
For etched samples it is generally convenient to use the spectral
position of the Ar 2p peak for determining the amount of shift
needed. However, in our case, Ar 2p peaks were quite weak to be
used for correction. Therefore we shifted the HR-XPS spectra of
etched samples - as we were shifting the spectra obtained from
the film surface - by an amount determined by the location of
the adventitious C peak (C 1s). This approach might not work,
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as in the present case, if charging of the film surface and the
etched region are different due to their distinct chemical
compositions.

GIXRD patterns of the AIN and GaN thin films deposited on
Si (100) and Si (111) substrates using optimized HCPA-ALD
parameters (shown in part in Fig. 10 and 11) were identical to
those given in Fig. 2(a) and (b), respectively, in terms of peak
positions and relative intensities of the peaks. As their GIXRD
indicated, AIN and GaN thin films deposited at 200 °C were
single-phase and polycrystalline with hexagonal wurtzite crystal
structure. The GIXRD pattern of the 59.2 nm thick AIN thin film
deposited on a c-plane sapphire substrate was slightly different
than those obtained from samples deposited on Si (100) and Si
(111) substrates. The same seven reflections of the #-AIN phase
appeared at exactly the same 2theta positions, however the
intensity of the (100) reflection was almost as high as that of the
(002) reflection. The intensity of the (103) reflection was also
slightly higher for the sample deposited on c-plane sapphire
substrates. In the case of GaN, the difference between GIXRD
patterns of thin films deposited on Si and c-plane sapphire
substrates was remarkable. Fig. 8 shows the GIXRD pattern of a
20.1 nm thick GaN thin film deposited on c-plane sapphire
substrate. (101) and (110) reflections and the peak that encloses
(200), (112), and (201) reflections disappeared for this sample.
The intensities of (100) and (002) reflections decreased, and the
intensity of (103) reflection increased significantly. It should be
noted that the GIXRD method, because of its geometry, is
insensitive to the planes that are parallel to the substrate,
therefore the disappearance of the peaks might be an indication
of preferred orientation.

XRR results of AIN and GaN thin films deposited on Si (100)
substrates using N,/H, plasma with optimized HCPA-ALD
parameters are given in Table 3. Film thicknesses estimated by
XRR were lower than those measured using SE. As shown
previously, the actual film thickness lies between the values
measured by SE and XRR. The mass densities (p) of AIN and
GaN thin films were estimated to be 2.82 and 5.86 g cm ?,
which are lower than the recognized values of 3.23 and
6.15 g cm ™, respectively.”” The estimated mass density of the

Intensity (arb. units)

25 30 35 40 45 50 55 60 65 70 75
2Theta (°)

Fig. 8 GIXRD pattern of a 20.1 nm thick GaN thin film deposited on a
c-plane sapphire substrate using optimized HCPA-ALD parameters.
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Table 3 XRR results of AIN and GaN thin films deposited using opti-
mized HCPA-ALD parameters

Sample tnie” (nm) tox” (nm) p(gem™) T'rms (M)
AIN 53.21 0.09 2.82 2.16
GaN 17.00 1.40 5.86 1.54

@ txie. is the thickness of the nitride layer; i.e. AIN or GaN. b tox. is the
thickness of the surface oxide layer; i.e. Al,O; or Ga,0;.

AIN thin film (2.82 g cm ™ ?) was higher than those reported in
the literature for AIN films deposited by PA-ALD at 200 °C (p =
2.34-2.65 g cm°).2**” XRR also revealed the rms roughnesses
of these AIN and GaN thin films to be 2.16 and 1.54 nm, which
are higher than the values directly measured using AFM. Fig. 9
shows the 2D surface morphologies of AIN and GaN thin films
deposited on Si (100) substrates. Rms roughnesses of the AIN
and GaN thin films were measured from a 1 pum X 1 pm scan
area to be 1.97 and 0.64 nm, respectively. Rms surface
roughnesses were 1.96 and 0.51 nm for AIN and GaN thin
films deposited on Si (111) substrates, and 1.62 and 0.26 nm
for AIN and GaN thin films deposited on c¢-plane sapphire
substrates.
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Fig. 9 Surface morphologies of (a) 59.2 nm thick AIN and (b) 20.1 nm

thick GaN thin films deposited on Si (100) substrates using optimized
HCPA-ALD parameters.
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AIN and GaN thin films deposited using N, plasma

The effect of the plasma gas composition on the properties of
deposited nitride thin films was studied. For this purpose, AIN
and GaN films were deposited on Si (100) substrates using N,
plasma, as well as N,/H, plasma with decreased H, flow
(i.e. 25 sccm). SE results of these thin film samples are
summarized in Table 4, where the thicknesses and refractive
indices of the thin films deposited using N,/H, plasma (50 + 25
sccem) were comparable to those of the films deposited using
optimized parameters. Thicknesses of the AIN and GaN thin
films increased tremendously when N, was used as the plasma
gas. Furthermore, refractive index values decreased upon the
use of N, plasma, which indicates deterioration of the film
quality. GIXRD patterns of the AIN and GaN thin films depos-
ited with N,/H, and N, plasma are shown in Fig. 10(a) and (b),
respectively, together with the GIXRD patterns of films depos-
ited using the optimized HCPA-ALD parameters. As seen from
these figures, decreasing the H, flow rate from 50 to 25 sccm did
not affect the crystalline qualities of AIN and GaN thin films, the
same GIXRD patterns were obtained in both cases. The use of
N, plasma without any H,, on the other hand, resulted in
amorphous GaN thin films. In the case of AIN, the crystallinity is
almost lost as the reflections of the hexagonal wurtzite phase
became barely visible. We observed similar results for the AIN
and GaN films deposited using the previous configuration with

Table 4 SE results of AIN and GaN thin films deposited using N/H?
and N, plasma

Reactant tay (Nm) NN tgan (NM) NnGan
N,/H, plasma” 57.2 1.94 20.6 2.18
N, plasma 83.6 1.59 111.1 1.88

“ Flow rates of N, and H, were 50 and 25 sccm, respectively.
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a quartz-based ICP source,* where the use of N, plasma resul-
ted in high concentrations of C and O impurities in the
deposited films and destroyed crystallinity. The presence of C
impurities (8.0 and 9.1 at.% for AIN and GaN, respectively)*
suggests that the organic ligands are trapped inside the growing
film since N, plasma without any H, is not efficient in terms of
removing the ligands of the chemisorbed trimethylmetal
precursors. This might be avoided at higher temperatures,
where the methyl ligands of the precursor molecules get free by
self-decomposition. Although it has been thought that the high
O concentrations in the films (48.5 and 4.5 at.% for AIN and
GaN, respectively)* are related to plasma-related oxygen
contamination, recently Perros et al.” showed that the N,
plasma process results in unstable AIN films, which oxidize
upon exposure to the atmosphere. It is also worth mentioning
that there were particles on the surfaces of AIN and GaN films
deposited using N, plasma. The particles were larger in the case
of GaN thin film, which also showed color variations that
indicate thickness non-uniformity. The formation of these
particles cannot be attributed to gas-phase reactions since we
have already shown that 10 s purging is sufficient to avoid
overlapping of the trimethylmetal precursor and plasma gas
(50 sccm N, together with 50 sccm H,). Therefore, the only
explanation would be the formation of solid byproducts as a
result of the reaction between trimethylmetal compounds and
N radicals. These results show that the N, plasma process is not
eligible for the low-temperature deposition of AIN and GaN thin
films.

Al,Ga, ,N thin films deposited by digital alloying

Al,Ga; ,N thin films with different compositions were depos-
ited at 200 °C on Si (100), Si (111), and c-plane sapphire
substrates. In order to adjust the alloy composition, different
numbers of AIN and GaN subcycles were used in the main cycle;
ie. AIN:GaN = 1:3, 1:1, and 3:1. 800 subcycles were
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Fig. 10 GIXRD patterns of (a) AIN and (b) GaN thin films deposited on Si (100) substrates using N,/H, (50 + 50 sccm), N»/H; (50 + 25 sccm), and

N> (50 sccm) plasma.
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deposited in each case, where AIN subcycles were deposited
using the optimized HCPA-ALD parameters, whereas GaN sub-
cycles were deposited using the optimized recipe with 0.015 s
GaMe; pulse length. GIXRD patterns of the Al,Ga; _,N thin films
are shown in Fig. 11, together with those of AIN and GaN thin
films deposited using optimized process parameters. As seen
from these patterns, as the number of AIN subcycles increases,
the peaks shift towards higher 2theta values due to the incor-
poration of Al into the wurtzite lattice. Using these data, the
alloy composition, x, can be determined for each Al,Ga; ,N thin
film using Vegard's rule, which simply states that the lattice
parameters of an alloy will vary linearly between the end
members.®® It should be noted that this rule applies to
unstrained materials, where composition is the only factor
affecting the lattice parameters. For the c¢ lattice parameter of
Al,Ga; 4N, Vegard's rule is given as:

CALGa, N = XcalN + (I — X)cgan (1)

The interplanar spacing values calculated from peak posi-
tions using the well-known Bragg's law are annotated on Fig. 11
for (002) and (110) planes. Lattice parameters a and ¢ were
roughly calculated by substituting these d;;0 and dg, values,
respectively, in the following formula (eqn (2)), which relates
the interplanar spacing (dp), miller indices (hkl) and lattice
parameters (@ and ¢) for hexagonal crystals. Alloy compositions,
x, were then calculated from c lattice parameters using Vegard's
rule (eqn (1)).

(2)
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Fig. 11 GIXRD patterns of AN, GaN, and Al,Ga; 4N thin films depos-
ited on Si (100) substrates.
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Theoretical values of alloy composition (Xrneo,) were also
determined using the formula,

11, ANGPCan
1s ANGPCaN + 715 GanGPCaan

XTheo. = (3)
where ng an is the number of AIN subcycles, ng gan is the
number of GaN subcycles, and GPCyny and GPCg,y are the
deposition rates of AIN and GaN (0.015 s GaMe;) thin films,
which were reported to be 0.99 and 0.23 A per cycle, respectively,
in the previous sections. The calculated lattice parameters, c/a
ratios, and alloy compositions are summarized in Table 5.

Although the calculated a lattice parameters of AIN and
GaN are in good agreement with those reported in the litera-
ture for their nominally strain-free counterparts, c¢ lattice
parameters were found to be higher (0.45% for AIN and 0.06%
for GaN with respect to the highest ¢ value reported in the
literature) than those of strain-free AIN and GaN thin films.*®
These results indicate the presence of strain, which limit the
applicability of Vegard's rule to Al,Ga; _,N thin films deposited
by HCPA-ALD. In order to minimize errors, alloy compositions
were calculated by substituting c lattice parameters of HCPA-
ALD-grown AIN and GaN films into eqn (1). Theoretical values
calculated using eqn (3) were lower than those found by
Vegard's rule. However, it should be noted that the theoretical
calculation of alloy composition is not straightforward in the
present case since the deposition rate of AIN on GaN and/or
the deposition rate of GaN on AIN might be different than
those of AIN on AIN and GaN on GaN, respectively. Moreover,
the HCPA-ALD of AIN exhibits a slight nucleation delay, and
the GPC of GaN is higher in the beginning of growth (see
Fig. 4(c) and 5(c)).

Thicknesses of the AlyesGags.N, AlgesGagosN and
Aly06Gag 4N films were determined to be 25.4, 42.4, and
57.9 nm, respectively, using SE. These values were found to be
lower than those calculated theoretically due to uncertainties in
GPC values as discussed in the above paragraph. Cross-
sectional bright-field scanning TEM (STEM) and HR-TEM
images of the Alj 5Ga, 3, N thin film are shown in Fig. 12(a) and
(b), respectively. From Fig. 12(a), it is seen that the Alj 65Gag 3,N
layer is highly uniform. The thickness of the Alj ¢sGa, 3,N thin
film was measured directly from Fig. 12(b) to be 26.3 nm, which
is in good agreement with the result obtained from SE. The HR-

Table 5 Lattice parameters, c/a ratios, and alloy compositions of AlN,
GaN, and Al,Ga;_N thin films

RS? & A) a (A) cla Xyeg.” XTheo.”
0 (GaN) 5.1896 3.1889 1.627 0 0
0.25 5.0636 3.1338 1.616 0.68 0.59
0.50 5.0122 3.1151 1.609 0.95 0.81
0.75 5.0101 3.1133 1.609 0.96 0.93

1 (AIN) 5.0034 3.1110 1.608 1 1

RS is the ratio of subcycles; i.e. ng /(s an + M Gan)- ~ Calculated
using the position of (002) reflection. © Calculated using the position
of (110) reflection. ¢ Xveg. i the alloy composition calculated from ¢
values using Vegard's rule (eqn (1)). ¢ Xrneo. is the alloy composition
calculated theoretically using GPC values (eqn (3)).
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(a)

Fig. 12 Cross-sectional (a) bright-field STEM and (b) HR-TEM images
of 25.4 nm thick Alg 6gGag 32N thin film deposited on a Si (111) substrate
using N»/H, plasma.

TEM image (Fig. 12(b)) and SAED pattern (not shown here)
revealed the polycrystalline nature of this sample, which has
also been indicated in Fig. 11 for the film deposited on the Si
(100) substrate.

In the previous sections, we reported the refractive index
values of AIN (0.06 s AlMe;3) and GaN (0.015 s GaMe;) to be 1.94
and 2.14 at 632 nm, respectively. Refractive index values
decreased from 2.03 to 1.96 as the Al content of Al,Ga;_,N
increased from 0.68 to 0.96 (Fig. 13(a)). Refractive indices of the
Al,Ga,_,N thin films were found to be quite close to that of AIN
(n = 1.94) since the ternary alloys deposited in this study were
all Al-rich. Optical transmission spectra of AIN, GaN, and Al,.
Ga;_,N thin films deposited on double side polished sapphire
substrates at 200 °C are shown in Fig. 13(b). The optical trans-
mission spectrum of sapphire is also included in the figure.
Film transmissions were found to be equal to the substrate
transmission (~93%) in the visible spectrum, indicating
absorption-free films. A significant decrease in the UV trans-
mission was observed at wavelengths <260 nm, which is caused
by the main band gap absorption. In addition, optical band
edge values of the films shifted to lower wavelengths with
increasing Al content. The transmission data obtained from a
20.1 nm thick GaN film exhibited a weak shoulder at lower
wavelength values. The widening of the absorption edge
particularly observed for this thin film sample might be attrib-
uted to strain-induced defects®® and/or the quantum
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Fig. 13 (a) Spectral refractive indices and (b) optical transmission
spectra of AN, GaN, and Al,Ga;_4N thin films deposited on Si (100) and
double side polished c-plane sapphire substrates, respectively.

confinement effect’ due to the small crystallite size, which was
estimated to be 9.3 nm by the LPA.

Summary and conclusions

In this paper we have demonstrated the HCPA-ALD of crystal-
line AIN, GaN and Al,Ga; ,N thin films at low temperature (i.e.
200 °C) using trimethylmetal precursors and NH; or N,/H,
plasma. Preliminary depositions carried out using non-opti-
mized process parameters resulted in reasonably uniform AIN
and GaN films with wafer-level non-uniformities less than
+1.5%. XPS survey scans detected 2.5-3.0 and 1.5-1.7 at.% O in
these AIN and GaN thin films, respectively, after they were
etched in situ with a beam of Ar ions under UHV conditions. C
was detected only at the film surfaces and there were no C
impurities in the bulk films as determined by XPS. Since the Ar
ion etching may lead to substantial errors in the quantification
of O and C impurities present in AIN and GaN thin films,
complementary SIMS analyses were performed on the films
deposited using NH; plasma, which revealed the presence of O,
C (both <1%) and H impurities in the films. GIXRD patterns
exhibited polycrystalline AIN and GaN thin films with (hexag-
onal) wurtzite crystal structure. Crystallite sizes were 19.2 and
24.8 nm for AIN, and 10.2 and 9.3 nm for GaN films deposited
using NH; and N,/H, plasma, respectively. The HR-TEM image
of the GaN thin film deposited using NH; plasma further
revealed the existence of relatively large crystals in the film,
which can extend along the film thickness.

This journal is © The Royal Society of Chemistry 2014
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HCPA-ALD parameters were optimized at 200 °C for the
deposition of AIN and GaN thin films. Trimethylmetal
precursor and N,/H, saturation curves evidenced the self-
limiting growth of AIN and GaN at this temperature. AIN
exhibited linear growth with a slight nucleation delay. The
GPC of AIN was high; i.e. ~1.0 A. In the case of GaN, the GPC
decreased with the increasing number of deposition cycles,
which indicates substrate-enhanced growth. The GPC was
found to be 0.22 A for the 900-cycle GaN deposition. 59.2 nm
thick AIN and 20.1 nm thick GaN thin films deposited using
optimized process parameters were characterized using SE,
HR-XPS, GIXRD, XRR, and AFM. Refractive indices of AIN and
GaN thin films were determined to be 1.94 and 2.17 at 632 nm,
respectively, using the Cauchy dispersion function. Al 2p (Ga
3d) and N 1s HR-XPS spectra confirmed the metal nitride
bonding states in AIN (GaN) films. The mass densities of AIN
and GaN thin films were estimated to be 2.82 and 5.86 g cm *
using XRR. Rms roughness values determined by XRR were
higher than those directly measured using AFM; i.e. 1.97 and
0.64 nm for AIN and GaN thin films deposited on Si (100)
substrates, respectively. Results of the depositions carried out
using N, plasma have shown that this process results in low-
quality films, and therefore is not eligible for the low-
temperature deposition of AIN and GaN.

Al,Ga; ,N thin films were obtained via digital alloying,
where the main HCPA-ALD cycle consisted of different numbers
of AIN and GaN subcycles; i.e. AIN: GaN=1:3,1:1,and 3 : 1.
Alloy compositions were determined by Vegard's rule to be 0.68
(AIN-GaN =1: 3),0.95 (1 : 1), and 0.96 (3 : 1) using the c lattice
parameters, which were roughly calculated from the (002) peak
positions. The ¢ lattice parameters of binary AIN and GaN thin
films were also estimated and used for the calculations in order
to minimize the errors that may arise due to the presence of
strain in deposited films. Refractive index values of the Al,.
Ga,_,N thin films decreased from 2.03 to 1.96 as the Al content
increased from 0.68 to 0.96. Transmissions of AIN, GaN, and
Al,Ga; ,N thin films were equal to the substrate transmission
(~93%) in the visible spectrum, indicating absorption-free
films. Optical band edge values of the Al,Ga; ,N films shifted to
lower wavelengths with increasing Al content, which confirms
the adjustability of band edge values with compositional digital
alloying.
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