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Polycrystalline gallium nitride (GaN) thin films were deposited on Si (100) substrates via plasma-enhanced atomic
layer deposition (PEALD) under optimal deposition parameters. In this work, we focus on the research of the GaN/Si (100)
interfacial properties. The x-ray reflectivity measurements show the clearly-resolved fringes for all the as-grown GaN
films, which reveals a perfectly smooth interface between the GaN film and Si (100), and this feature of sharp interface
is further confirmed by high resolution transmission electron microscopy (HRTEM). However, an amorphous interfacial
layer (∼ 2 nm) can be observed from the HRTEM images, and is determined to be mixture of GaxOy and GaN by x-
ray photoelectron spectroscopy. To investigate the effect of this interlayer on the GaN growth, an AlN buffer layer was
employed for GaN deposition. No interlayer is observed between GaN and AlN, and GaN shows better crystallization and
lower oxygen impurity during the initial growth stage than the GaN with an interlayer.

Keywords: gallium nitride, PEALD, sharp interface, x-ray reflectivity, high resolution transmission electron
microscopy
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1. Introduction

GaN is an intriguing semiconductor with a direct
band gap of 3.4 eV, which makes it useful for vari-
ous applications, such as ultraviolet (UV) photodetectors,[1]

high electron-mobility transistors (HEMTs),[2] light emit-
ting diodes (LEDs),[3,4] and power switching applications.[5]

Meanwhile, owing to the high electron velocities, significant
thermal stability and radiation resistance, GaN is an attrac-
tive candidate for short wavelength optoelectronics and high-
power and high frequency electronics.[6,7] Conventional meth-
ods for the growth of GaN layers are metalorganic chemical
vapor deposition (MOCVD)[8,9] and molecular beam epitaxy
(MBE).[10] Both methods necessitate high deposition temper-
atures, which is neither compatible with the existing comple-
mentary metal–oxide–semiconductor (CMOS) technology nor
suitable for temperature-sensitive device layers and flexible
polymers substrates. In comparison, atomic layer deposition
(ALD) is an alternative approach for low-temperature growth
of GaN, in which films are prepared using layer-by-layer and
self-limiting growth.[11–15] Plasma-enhanced ALD (PEALD)
is a modified form of ALD in which energetic radicals assist
in accelerating the self-limiting ALD reactants, offering addi-
tional merits over ALD such as reduced deposition tempera-

tures and improved material properties.
In recent years, significant efforts have been focused on

the growth of GaN using ALD. Biyikli’s group has made no-
table contributions on the low-temperature ALD growth of
GaN films with improved electrical properties and crystalline
quality.[16–22] The first metal–semiconductor–metal (MSM)
ultraviolet photodetectors based on ALD-grown GaN has been
demonstrated.[16] Motamedi et al. have discussed the influ-
ence of the substrate temperature on the properties of GaN thin
films grown by ALD[23] and demonstrated a possible route
for deposition of single crystal GaN on sapphire.[24] Although
Ozgit et al.[17] have fabricated polycrystalline GaN films on Si
(100), the growth of epitaxial GaN films via ALD on silicon
(Si) substrates has not been reported. Since Si is the preferred
substrate due to its large diameters at low cost and compatibil-
ity with the existing microelectronic technique, the growth of
GaN on Si has become a very active field of research. Mean-
while, Si (100) is still the standard substrate for mainstream
silicon technology.[25] Therefore, the development of high-
quality GaN on Si (100) is necessary for integration with GaN-
based devices. However, ALD growth of high-quality GaN on
Si (100) is challenging due to the different crystallographic
surface symmetries. As the interface between GaN and Si
(100) largely determine the quality of the GaN layer, research
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on the ALD-grown GaN/Si (100) interface is very meaningful
for improving the quality of GaN films on Si (100). However,
the study of the interfacial properties between the ALD-grown
GaN film and Si (100) substrate is still lacking as far as we
know.

In this work, we have studied the structure and chemical
states of the GaN/Si (100) interface grown by PEALD. Poly-
crystalline GaN with wurtzite structure was obtained based
on the optimal process parameters. The GaN/Si (100) inter-
face is rather sharp according to the XRR and HRTEM re-
sults. HRTEM images also reveal the presence of an amor-
phous interfacial layer composed of GaxOy and GaN. Upon
this amorphous interlayer, an amorphous GaN layer forms, in
which oxygen impurity concentration decreases from ∼ 34%
to ∼ 11% with the film growth. In comparison, GaN deposited
on a PEALD-grown AlN buffer layer shows sharp interface
with no interlayer. And GaN shows better crystallinity and
lower oxygen impurity during the initial growth stage than the
GaN with an interlayer. Moreover, the crystallinity and sur-
face morphology of GaN deposited on Si (100) at different
temperatures are characterized.

2. Experimental
GaN thin films were deposited on Si (100) substrates by

using Angstrom-dep III PEALD from Thin Film Technolo-
gies Ltd. of USA. Triethylgallium (TEG) and Ar/N2/H2 gas
mixture were used as the source of gallium and nitrogen, re-
spectively. Prior to deposition, the substrates were dipped into
dilute HF for 2 min and dried with N2, then processed by
sequential ultrasonic agitation in acetone, methanol, and DI-
water. Solvent cleaned substrates were then dried with N2 and
loaded immediately onto the reactor chuck in the PEALD sys-
tem. The process base pressure was adjusted to ∼ 0.15 Torr
(1 Torr = 1.33322×102 Pa). Once reaching the system base
pressure, the substrate chuck was heated resistively to the
growth temperature. Twenty minutes at least was needed for
temperature to reach a balance. After that, the substrate sur-
faces were treated with high purity (HP) Ar/N2/H2 (1:3:6)
plasma in an effort to form NH groups, followed by purging
the chamber with HP Ar. Subsequently, HP triethylgallium
(TEG) was introduced separately for GaN growth. Unreacted
TEG and by-products were removed by purging the cham-
ber with HP Ar. Thus, each cycle of GaN growth consists
of Ar/N2/H2 plasma/Ar purge/TEG/Ar purge. Table 1 sum-
marizes the deposition conditions of the GaN films grown by
PEALD. As a comparison, an AlN buffer layer was employed.
AlN was deposited via PEALD at 275 ◦C for 50 cycles on ex
situ cleaned Si (100) and followed by GaN grown at 350 ◦C.
The process parameters of AlN growth was reported in our
previous work.[26]

Table 1. Deposition conditions of the GaN films by PEALD.

Precursor 1 TEG (99.999%)
Precursor 2 Ar/N2/H2 (99.999%)
Carrier gas Ar (99.999%)

Gas line temperature 60 ◦C
Flow rate of carrier gas (UHP Ar) 5 sccm

Flow rate of N-precursor 5 sccm
RF power 60 w

RF plasma frequency 13.56 MHz

After deposition, the thickness, density, roughness of
GaN films were characterized by x-ray reflectivity (XRR,
Smartlab). XRR data of the films were fitted using a 3-layer
model (GaN/GaxOyNz/Si). The crystallinity and surface mor-
phology of GaN were analyzed via grazing incidence x-ray
diffraction (GIXRD, Smartlab) and Atomic force microscopy
(AFM, VEECO D3100). GIXRD measurements were carried
out with acceleration voltage of 40 kV and current of 30 mA,
and the grazing angle was fixed at 0.5◦. Transmission elec-
tron microscopy (TEM, JEM-220FS) and x-ray photoelectron
spectroscopy (XPS, ESCALAB 250xi) were utilized to inves-
tigate the microstructure and chemistry features of the GaN/Si
(100) interface.

3. Results and discussion
The GaN deposition conditions are firstly optimized to fa-

cilitate the latter interfacial analysis. Deposition rate (growth
per cycle, GPC) as a function of temperature is shown in
Fig. 1(a). It is seen that GPC decreases as temperature in-
creases from 150 ◦C to 185 ◦C, which is due to the condensa-
tion of TEG. For temperatures in the range of 200 ◦C–250 ◦C,
GPC decreases slightly with increasing temperature. A N2/H2

plasma saturation curve with constant GPC of ∼ 0.97 Å/cycle
was obtained at 200 ◦C (not shown here), which indicates that
the growth of GaN at this temperature is self-limiting. A con-
stant GPC of ∼ 0.75 Å/cycle obtained within the temperature
range of 250 ◦C–350 ◦C reveals the self-limiting reaction at
these temperatures. When the deposition temperature exceeds
350 ◦C, GPC increases with elevated temperatures owing to
the decomposition of TEG, in which the CVD type of depo-
sition takes place.[15] Hence, the temperature window for this
case is determined to be 200 ◦C–350 ◦C. The variation of GPC
varies with temperature in the ALD window can be explained
by the effect of temperature on the number and type of reactive
sites present on the surface, since the number of reactive sites
decreases with increasing process temperature.[12]

Figure 1(b) shows the GPC as a function of triethylgal-
lium dose and N2/H2 plasma, at a deposition temperature of
350 ◦C. For the triethylgallium saturation curve, the N2/H2

plasma is fixed at 30 s. The GPC increases with triethylgal-
lium dose, and then remains constant at ∼ 1 Å/cycle when the
TEG pulse time is longer than 0.7 s. For the N2/H2 plasma
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saturation curve [Fig. 1(c)], the triethylgallium dose is fixed at
0.7 s, and the GPC also saturates with the N2/H2 plasma above
30 s. The results suggest that the GaN thin films are grown in
a self-limiting manner at 350 ◦C. The effect of purge time on
GPC at 350 ◦C is given in Fig. 1(d). The GPC decreases from

1.0 Å/cycle to 0.9 Å/cycle as the purge time increases from
15 s to 25 s, and then remains constant at this value for longer
purge times. Therefore, the optimal deposition parameters in
our experiments are: 0.7-s triethylgallium, 30-s N2/H2 plasma,
and 25-s purge time.
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Fig. 1. (a) Deposition rates of GaN thin films at different temperatures. (b) TEG, and (c) N2/H2 plasma saturation curves at 350 ◦C.
(d) Deposition rate as a function of purge time.
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Fig. 2. GIXRD patterns of GaN films grown at 200, 285, and 350 ◦C.

Based on the optimal deposition conditions, GaN thin
films were deposited at various temperatures within the ALD
process window. Figure 2 shows the crystalline phases of the
GaN films grown at 200, 285, and 350 ◦C. The Bragg diffrac-
tion peaks for these films correspond to (100), (002), (101),
(110), and (112) reflection of the hexagonal GaN phase, re-
vealing that the films are polycrystalline with hexagonal struc-
ture. It can be seen that the peak intensity increases with ele-

vated growth temperature, indicating an improvement in crys-
talline quality of GaN due to the increase in mass transport
kinetics.[27] In addition, the (100) peak becomes dominant at
the deposition temperatures of 285 ◦C and 350 ◦C. According
to crystallographic symmetry, h-GaN (100) matches better to
Si (100) than other reflection planes.

0.6 0.8 1.0 1.2 1.4

 350 C
 285 C
 200 C

In
te

n
si

ty
/
a
rb

. 
u
n
it
s

2θ/(Ο)

Fig. 3. XRR measurements of GaN films grown at 200, 285, and
350 ◦C.

It is well known that the interface between epitaxial film
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and substrate largely determines the quality of the epitaxial
layer. XRR measurements were carried out from the macro-
scopic area, as shown in Fig. 3. The clearly resolved Kiessig
fringes reveal that the interface between GaN film and Si (100)
substrate is perfectly smooth. In our previous work, sharp in-
terface between Si (100) substrates and PEALD-grown AlN
films has been demonstrated.[26] The obtained sharp interfaces
pave a way for post-depositing AlGaN/GaN heterojunctions
on Si for GaN-based devices, where the interface between
GaN and AlGaN needs to be smooth on an atomic level.

To confirm this feature of sharp interface, TEM was em-
ployed to investigate the microstructure of GaN/Si (100) in-
terface. Figure 4(a) shows the cross-sectional HRTEM image
of the GaN film deposited at 350 ◦C. Besides confirming the
polycrystalline phase of GaN, the HRTEM image also presents
a rather atomically flat interface between the GaN film and
Si (100), which verifies the sharp interface revealed by XRR
(Fig. 3). From the image, a ∼ 2-nm thick amorphous interfa-
cial layer can be observed at the GaN/Si (100) interface. Fig-
ure 4(b) gives a magnified view of the interface area of the
same sample. Upon this interlayer, a ∼ 18-nm thick amor-
phous layer forms followed by polycrystalline GaN. The film
thickness is measured as ∼ 54 nm. The selected-area electron
diffraction (SAED) pattern of Si (100) is shown in Fig. 4(c).

10 nm 

5 nm
Si (100)

Si (100)

GaN

(b)

(c)

(a)

2 nm
interlayer

18 nm amorphous GaN

crystalline GaN

Fig. 4. (a) Cross-sectional HRTEM image of the GaN film grown at 350 ◦C.
(b) HRTEM image of higher magnification of the GaN/Si (100) interface
region. (c) SAED pattern of the Si (100) substrate.

To analyze the chemical states of GaN/Si (100) inter-
face, XPS depth profile analysis is provided, as shown in
Fig. 5(a). The surface of GaN films was contaminated with
oxygen (∼ 25.9%) and carbon (∼ 10.5%), which could arise
from atmospheric contamination. The atomic compositions
of Ga and N in the bulk film are calculated to be around
32.8% and 58.2%, respectively, which is very similar to the
reported values of polycrystalline GaN grown by PEALD.[19]

The higher nitrogen content than gallium might result from
the plasma-enhanced dissociation of nitrogen during the GaN

growth. The XPS survey scan obtained after 1000 s of etch
time reveals the elemental composition of the interlayer. The
N 1s, Ga 3d, and O 1s XPS spectra are given in Figs. 5(b)–5(c),
and 5(d), respectively. Peaks located at 398.9 eV and 397.1 eV,
in N 1s spectrum are assigned to N–Ga–O[28] and N–Ga, re-
spectively, and the other two peaks at 395.0 eV and 393.8 eV
are determined to be Ga-LMM Auger bonding states.[17,19,29]

Peaks at 20.6 eV and 19.9 eV in Ga 3d spectrum (Fig. 5(c))
can be ascribed to the bond of Ga–O,[18] and the Ga–N state
is observed at 19.3 eV.[21] Surdu-Bob et al. determined that
Ga 3d states in Ga2O3 have a chemical shift of +0.6 eV on
Ga2O.[30] Therefore, peaks at 530.6 eV and 531.2 eV in O 1s
spectra correspond to Ga2O and Ga2O3,[21] respectively. The
Si 2p spectra for the etch time of 800 s and 1000 s are shown
in Figs. 5(e) and 5(f). It is reasonable to deduce that peaks
located at 106.03, 104.75, and 102.83 eV in Fig. 5(f) are the
binding energy of Auger-Ga according to the Auger-Ga peaks
located at 105.81, 104.26, and 102.45 eV in Fig. 5(e). Peaks
located at 98.85 eV and 99.49 eV in Fig. 5(f) are assigned to
the binding energy of Si. A feature for Si–O is not present
in Si 2p spectra and O–Si bond is not observed in O 1s spec-
trum, which excludes the native oxides on silicon. These re-
sults reveal that the interfacial layer is composed of GaxOy

and GaN (or GaxOyNz), which is different from the previously
reported SiO2 interlayer between ALD-deposited GaN and Si
substrate.[17] This interlayer with high oxygen impurity con-
centration worked as a template for further growth. GaN be-
gins as an amorphous film, in which the amount of oxygen
decreases with the increasing growth cycles. After ∼ 18-nm
thick amorphous GaN has been deposited, crystal nucleation
takes place from the amorphous layer. The ratio of oxygen
stabilizes to around 6%–8% in the polycrystalline film, which
is very close to the reported values of polycrystalline GaN
grown by atomic layer deposition.[31] It has been reported that
GaN films with large amounts of impurities are amorphous.[18]

Therefore, oxygen impurity concentration may have some ef-
fect on the crystallization of GaN, and crystal nucleation oc-
curs when the ratio of oxygen drops to ∼ 11% in this case.
The high oxygen impurity concentration in interlayer could
be a main reason for the formation of amorphous transition
layer, whose origin has not been understood. It might from
trapped water inside the multilayer coatings on the inner walls
of the plasma-enhanced atomic layer deposition vacuum re-
actor, or it might also from water vapor impurities present in
organometallic precursors. More investigations are required
to understand the formation of the interfacial amorphous layer
and more efforts should be made to prevent the formation of
GaxOyNz interlayer during the GaN film growth.
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Fig. 5. (a) XPS depth profile of ∼ 54-nm thick GaN layer deposited at 350 ◦C. High resolution XPS scans of (b) N 1s, (c) Ga 3d, (d) O 1s, and (f) Si 2p for
the etch time of 1000 s. (e) High resolution XPS scan of Si 2p in GaN film.
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Fig. 6. Cross-sectional TEM images of (a) the 11.5-nm GaN deposited at
350 ◦C on PEALD-grown AlN/Si (100) and (b) the same sample at higher
magnification.

To study the effect of this interlayer on GaN growth, 100-
cycle AlN buffer layer was firstly deposited at 275 ◦C on Si
(100) substrate via PEALD and GaN deposition followed. Fig-
ure 6(a) shows the cross-sectional TEM images of an 11.5-
nm thick GaN grown at 350 ◦C on a 10.9-nm thick PEALD-
grown AlN buffer layer. No interfacial layer is presented at the
GaN/AlN interface, and the interfaces at GaN/AlN and AlN/Si
(100) are rather flat. Upon this polycrystalline AlN layer, GaN
crystallizes after a thin film growth, which can be observed
in Fig. 6(b). The polycrystalline phase of this GaN layer is
further characterized by GIXRD measurement (Fig. 7), which
shows the same diffraction planes of GaN grown directly on Si
(100) (Fig. 2). The XPS depth profile (Fig. 8) shows the con-
tent of oxygen during the GaN initial growth is ∼ 11%, which

is lower than the value of ∼ 34% for GaN grown directly on
Si (100) (Fig. 5(a)). These results reveal that the existence of
interlayer hinders the crystallization of GaN and give rise to an
amorphous transition GaN layer with high oxygen impurity.
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After confirming the GaxOyNz interlayer, XRR ex-
perimental data were fitted by using 3-layer model
(GaN/GaxOyNz/Si). For GaN grown at 350 ◦C, the thickness
values of GaN film and GaxOyNz interlayer are estimated to
be 52.80 nm and 2.55 nm, respectively, which are in good
agreement with the values measured by TEM. The roughness
value of interlayer between GaN and GaxOyNz is found to
be 1.31 nm. The density value of 5.36 g/cm3 extracted from
simulations is lower than the recognized value of 6.15 g/cm3.
XRR results also reveal the surface roughness values of GaN
grown at 200, 285, and 350 ◦C are 1.31, 1.64, and 2.3 nm, re-
spectively. To check the surface roughness of the GaN films,

AFM was used to analyze the surface morphology of GaN.
Figure 9 shows the two-dimensional surface morphologies of
the same samples. The root-mean-square (RMS) values of sur-
face roughness measured from 1 µm×1 µm scan area of the
samples grown at 200, 285, and 350 ◦C are 0.90, 0.96, and
1.31 nm, respectively. These values of roughness are reason-
ably lower than the value estimated by XRR.[17] The increase
of surface roughness for GaN grown at higher temperature is
due to the effect of the growth temperature in terms of growth
speed along different crystallographic directions.[24] These re-
sults suggest that the polycrystalline GaN with smooth surface
is obtained at different deposition temperatures.

(a) 200 C, RMS=0.90 nm (b) 285 C, RMS=0.96 nm (c) 350 C, RMS=1.31 nm

Height 200.0 nm
-2.9 nm

3.1 nm

Height 200.0 nm
-3.0 nm

3.2 nm

Height 200.0 nm
-4.2 nm

5.1 nm

Fig. 9. The 1 µm×1 µm AFM images of GaN films grown at temperatures of (a) 200 ◦C, (b) 285 ◦C, and (c) 350 ◦C.

4. Conclusions
In summary, polycrystalline hexagonal GaN thin films

were deposited via PEALD using optimized parameters. Im-
proved crystal quality of hexagonal GaN was obtained at
higher temperature due to the increase in mass transport kinet-
ics. GaN films deposited at various temperatures in ALD win-
dow present atomically sharp GaN/Si (100) interfaces. How-
ever, a ∼ 2-nm thick amorphous interlayer composed of GaxOy

and GaN was formed during the initial growth stage. Then,
the formation of an amorphous GaN, in which oxygen impu-
rity concentration decreases from ∼ 34% to ∼ 11% with the
film growth, and polycrystalline GaN followed. In compari-
son, GaN deposited on Si (100) by inserting a PEALD-grown
AlN buffer layer shows sharp GaN/AlN interface with no in-
terlayer. The oxygen impurity in GaN during the initial growth
stage is as low as ∼ 11%, and GaN crystallizes after a thin film
deposition. Hence, it is the GaxOyNz interlayer that leads to a
thick amorphous transition GaN layer with high oxygen impu-
rity concentration and hinders the crystallization of GaN. The
obtained sharp GaN/Si (100) interface will be of benefit to the
future development of GaN-on-Si technology.
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