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High-quality AIN epitaxial films have been grown on Si substrates by pulsed laser deposition (PLD)
by effective control of the interfacial reactions between AIN films and Si substrates. The surface

© morphology, crystalline quality and interfacial property of as-grown AIN/Si hetero-interfaces

. obtained by PLD have been systemically studied. It is found that the amorphous SiAIN interfacial

. layer is formed during high temperature growth, which is ascribed to the serious interfacial reactions

. between Si atoms diffused from the substrates and the AIN plasmas produced by the pulsed laser

. when ablating the AIN target during the high temperature growth. On the contrary, abrupt and sharp

. AIN/Si hetero-interfaces can be achieved by effectively controlling the interfacial reactions at suitable

. growth temperature. The mechanisms for the evolution of interfacial layer from the amorphous

. SIiAIN layer to the abrupt and sharp AIN/Si hetero-interfaces by PLD are hence proposed. This work

. of obtaining the abrupt interfaces and the flat surfaces for AIN films grown by PLD is of paramount
importance for the application of high-quality AIN-based devices on Si substrates.

. Recently, aluminum nitride (AIN) has been considered to be one of the most promising materials for the
© applications of optoelectronic devices due to its excellent physical and chemical properties!=. To date,
. AIN films have been prepared on Si substrates, due to the advantages of Si substrates, such as large-size
© wafers, high crystalline quality, electric and thermal conductivities, and low cost, efc**¢. So far, AIN films
. grown by metal organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) have
. been used in the application in thin films bulk acoustic wave resonators (FBARs) and surface acoustic
. wave (SAW) devices, etc’"'°. It is known that the performance of AIN-based devices is dependent on the
. properties of interfaces and surfaces of as-grown AIN films''-'>. AIN films grown on Si substrates by
© MOCVD and MBE technologies usually require high temperature growth!'*!>, which would lead to the
. formation of interfacial layer between films and Si substrates owning to the interfacial reactions between
© AIN films and Si substrates and is detrimental to the subsequent growth. Therefore, to obtain sharp
. and abrupt interfaces and smooth films surfaces, a low temperature growth is of critical importance.
 Nowadays, pulsed laser deposition (PLD) technology has been deployed to grow AIN films on various
: substrates at a very low temperature'®-'8, since the pulsed laser can supply high energy for the migration
. of precursors when arriving at substrates. This can effectively suppress the serious interfacial reaction
: between films and substrates, and lead to the formation of sharp and abrupt interfaces'*-?!. Furthermore,
. although there are several works report on the study of AIN/Si hetero-interface grown by PLD"'2, most
. of them focus on the study of the interfacial properties. The mechanisms of interfacial reactions between
: AN films and Si substrates lack thorough study.
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Figure 1. A schematic diagram for the epitaxial growth of AIN films on Si (111) substrates by PLD.

In this work, we report on the epitaxial growth of high-quality AIN films on Si(111) substrates by
PLD through controlling the interfacial reactions between AIN films and Si substrates, and systematical
study on the revolution of AIN/Si hetero-interfaces from amorphous to sharp and abrupt interface, as
well as their corresponding mechanisms. The as-grown AIN epitaxial films are studied by in-situ reflec-
tion high energy electron diffraction (RHEED), high-resolution X-ray diffraction (HRXRD), scanning
electron microscopy (SEM), atomic force microscopy (AFM), and high-resolution transmission electron
microscopy (HRTEM) for structural property and surface morphology. This work provides an important
guidance for the growth of high-quality AIN epitaxial films on Si substrates by PLD, and sheds light on
the future application of AIN-based devices on Si substrates.

The as-received 2-inch Si(111) substrates were cleaned by H,SO, : H,0, : H,0O (3:1:1) and
buffered-oxide-etch (BOE) HF (20:1) to obtain an oxide-free and hydrogen terminated Si surface.
Subsequently, the as-cleaned Si(111) substrates were degassed in a ultra-high vacuum (UHV) load-lock
with a background pressure of 1.0 x 108 Torr, and then were transferred into a UHV growth cham-
ber with a background pressure of 3.0 x 107! Torr. Before the epitaxial growth, the as-degassed Si(111)
substrates were taken a 60 min annealing process at 850°C to remove the residual surface contamina-
tions and achieve an atomically flat Si (111) surface for the subsequent deposition. During the epitaxial
growth, the AIN films with various thickness ranging from ~6-300 nm-thick were grown by a KrF exci-
mer laser light (\ =248 nm, t=20ns) ablating the high-purity AIN (4N) target in a nitrogen ambient
under the pressure of 8 mTorr with the temperature of 700-850°C. The energy density of the laser was
set at 3.0J.cm™? with a pulse repetition of 30 Hz. A schematic diagram for AIN films grown on Si(111)
substrates by PLD is shown in Fig. 1. The surface morphology, crystalline quality and interfacial property
of as-grown AIN films were characterized by in-situ RHEED, SEM (Nova Nano SEM 430 Holland), AFM
(Bruker Dimension Edge, American), HRXRD (Bruker D8 X-ray diffractometer with Cu Kal X-ray
source A= 1.5406 A), and HRTEM (JEOL 3000F). As for the TEM characterization, AIN films grown on
Si(111) substrates were made by mechanical polishing followed by low-energy and low-angle ion milling
(Fischione 1010 Low Angle Ion Milling & Polishing System), ending up with the sample edge thickness
of about 20nm. The cross-section samples were then put into a JEOL 3000F field emission gun TEM
working at a voltage of 300kV, which gives a point to point resolution of 0.17 nm. The electron energy
loss spectroscopy (EELS) attached to the TEM was deployed to evaluate the concentration distribution
along the AIN/Si hetero-interfaces.

The RHEED measurement is adopted to monitor the growth process during the whole course.
Figure 2a shows the photograph of AIN films grown at 750°C on Si substrates, and Figs. 2b—f reveal
the RHEED patterns of AIN films grown at various growth temperatures. It is clear that sharp and
streaky patterns can be identified in Si[1-10] direction after 60 min annealing process at 850°C, as
shown in Fig. 2c, which is in striking contrast to that before the annealing process, as shown in Fig. 2b.
Subsequently, AIN film is grown on as-annealed Si substrate. After growth of ~6 nm-thick films at high
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Figure 2. (a) Typical photograph of AIN film grown on Si substrate at 750 °C. RHEED patterns for Si
substrates (b) before annealing process, and (c) after 60 min annealing process. RHEED patterns for
~6nm-thick AIN films grown at (d) 850, (e) 750, and (f) 700°C. RHEED patterns for ~300 nm-thick AIN
films grown at (g) 850, and 750°C.
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Figure 3. SEM images for ~300 nm-thick AIN films grown on Si (111) substrates at (a) 850, (b) 750, and
(c) 700°C. (d) The cross-sectional SEM of AIN films grown on Si (111) substrates at 750 °C for 90 min.

temperature of 850°C, one can hardly identify the RHEED patterns, indicating that the very poor films
are found, as illustrated in Fig. 2d. As for ~6 nm-thick AIN films grown at 750 and 700 °C, very clear AIN
RHEED patterns can be found, as shown in Figs. 2e and f respectively. Moreover, the RHEED patterns
for ~6 nm-thick AIN films grown at 750 °C are slightly clearer than those of ~6 nm-thick AIN films grown
at 700°C. Further increase in thickness of AIN films at 850°C leads to the spotty RHEED patterns, as
shown in Fig. 2g. This means that single-crystalline AIN films with relatively rough surfaces are grown.
If the AIN films are grown at low temperatures (800-700 °C), the single-crystalline AIN films can also be
obtained. For example, Fig. 2h shows the sharp and streaky RHHED patterns of ~300 nm-thick AIN films
grown at 750°C along AIN [11-20] direction. In this regard, an in-plane epitaxial relationship between
AIN films and Si substrates is determined to be AIN[11-20]//Si[1-10]?2-%4,

SEM and AFM measurements are deployed to further investigate the surface morphology of as-grown
AIN films. Generally, the surface roughness of films is usually determined by the root-mean-square (RMS)
of roughness of films surface. In this work, we use AFM measurement to study the different places of
each sample to get the surface roughness value. Figure 3a reveals a SEM image for ~300 nm-thick AIN
films grown at 850°C, where very rough surface with a RMS surface roughness of 5.1nm is obtained,
Fig. 4a. The height profiles along a straight line on the surface are shown in Fig. 4b. When the growth
temperature is decreased, the surface roughness of as-grown AIN films is gradually decreased. Especially,
when the ~300nm-thick AIN films are grown at 750°C, very smooth AIN surfaces are grown with a
surface RMS of 1.3nm, as shown in Figs. 3b and 4c. The height profiles along a straight line on the
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Figure 4. (a) AFM images for ~300 nm-thick AIN films grown on Si (111) substrates at 850°C and (b) the
height profiles along a straight dashed line on the surface. (c¢) AFM images for ~300 nm-thick AIN films
grown on Si (111) substrates at 750°C and (d) the height profiles along a straight dashed line on the surface.
(e) AFM images for ~300 nm-thick AIN films grown on Si (111) substrates at 700°C and (f) the height
profiles along a straight dashed line on the surface.
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Figure 5. (a) Temperature dependence of 20-w scan for ~300 nm-thick AIN films grown on Si(111)
substrates at temperatures ranging from 700 to 850 °C. (b) Typical ¢ scans of Si(224) and AIN(10-15).

(c) Schematic structure in-plane relationship between AIN and Si. (d) Temperature dependence of FWHMs
for ~300 nm-thick AIN films grown on Si(111) substrates at temperatures ranging from 700 to 850°C.

surface are supplied in Fig. 4d. However, as the growth temperature of AIN films is further decreased
to 700°C, the surface morphology of as-grown ~300nm-thick AIN films becomes poorer with several
big islands and the RMS surface roughness of these as-grown films is measured to be 2.5nm, Figs. 3¢
and 4e. The height profiles along a straight line on the surface are provided in Fig. 4f. We attribute the
poor surface of AIN films grown at 850°C and 700°C to the formation of interfacial layer in the AIN
films, which is detrimental to both the nucleation and coherence of AIN films during the growth!>€,
and thereby leads to the poor surface morphology of AIN films with many grains ultimately. Fig. 3d is
a cross-sectional SEM for AIN films grown at 750 °C for 90 min, in which ~300nm-thick AIN films can
be clearly indentified. Therefore, the growth rate for AIN films grown on Si substrates at 750 °C is about
200nm/h. Evidently, the growth temperature plays an important role in growing high-quality AIN films.
Meanwhile, the surface morphology for AIN films obtained this work with a RMS surface roughness of
1.3nm is much smoother than that of AIN films grown on sapphire, W, and Ni substrates'®-2"24,

Figure 5a illustrates a typical XRD 26-w scans for AIN films grown on Si substrates at tempera-
ture ranging from 700 to 850°C. The peaks observed at 26 =28.01°, 58.85° and 95.07° are the diffrac-
tions from Si(111), Si(222) and Si(333), respectively; while the peaks located at 260 =36.02° and 76.42°
are ascribed to AIN(0002) and AIN(0004), respectively'>*. In this regard, the out-of-plane epitaxial
relationship between AIN and Si is of AIN(0001)//Si(111).
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Figure 6. (a) GIXR and its simulated curves for AIN films grown on Si(111) substrates. (b) Temperature
dependence of interfacial layer thickness for AIN AIN films grown on Si(111) substrates.

The ¢ scan is that rotation of the sample along the ¢ axis (usually in the plane of the sample) in
XRD measurement”. Meanwhile, the ¢ scan is a typical method to identify whether the films contain
twins and the rotational symmetry of asymmetry plane both for films and substrates?”-?. Apparently,
the combination of 26-w and ¢ scans can help us to determine whether the films are single-crystalline
and the in-plane relationship between the films and the substrates. Figure 5b shows ¢ scans of Si(224)
and AIN(10-15), where three-fold rotational peaks separated by 120° for Si(224) and six-fold rotational
peaks with an interval of 60° for AIN(10-15) are clearly identified. Therefore, the in-plane epitaxial
relationship between AIN and Si is determined to be AIN[11-20]//Si[1-10] with a lattice mismatch of
15.9%, as shown in Fig. 5¢*.

The crystalline quality of as-grown ~300nm-thick AIN films is studied by X-ray rocking curves
(XRCs). As we know, the full-width at half-maximums (FWHMs) of XRCs are related to the dislocation
density in as-grown AIN films. The temperature dependence of the FWHMs for ~300 nm-thick AIN
films grown on Si(111) substrates at temperatures ranging from 700 to 850°C is shown in Fig. 5d. It
can be noted that the FWHMs for AIN(0002) and AIN(10-12) are 2.5° and 2.2°, respectively, at the
growth temperature of 850°C and then the FWHMs for AIN(0002) and AIN(10-12) are monotonously
decreased when the growth temperature is decreased from 850 to 750°C . Whereas if the ~300 nm-thick
AIN films are grown at 750°C, the FWHMs for AIN(0002) and AIN(10-12) reach the minimum values
of 0.6° and 0.8°, respectively. However, if we further decrease the growth temperature, the crystalline
quality of as-grown ~300 nm-thick AIN films becomes slightly poorer with FWHM:s for AIN(0002) and
AIN(10-12) of 0.8° and 1.0° at 700 °C, respectively. Conclusively, the growth temperature makes a signifi-
cant impact on the crystalline quality of AIN films. The tendency of the growth temperature of crystalline
is well consistent with that of surface morphology. Furthermore, the quality of AIN films obtained in this
work is much better than that grown on sapphire substrates and is comparable with that of AIN films
grown on Al substrates'®!7?%, This achievement of high-quality AIN films is attributed to the utilization
of PLD and low temperature growth. On the one hand, PLD can supply enough energy for the migration
of AIN precursors on Si substrates, and thereby make the AIN growth at low temperature possible. On
the other hand, the low temperature growth not only can effectively suppress the interfacial reactions
between AIN films and Si substrates, but also is much easier for the nucleation of AIN films and causes
the formation of less dislocation, which is in striking contrast to the high temperature growth of AIN
films on Si substrates by MOCVD. These two aspects result in the growth of high-quality AIN films on
Si substrates despite of the 15.9% lattice mismatch.

The grazing incidence X-ray reflectivity (GIXR) measurement is introduced to study the interfacial
property of AIN/Si hetero-interfaces. Due to the requirement of GIXR, the thin film thickness should
usually be <100nm*”!. Therefore, we deploy ~30nm-thick films for this study. Figure 6a is a GIXR
and its simulated curves for AIN films grown on Si(111) substrates at 750 °C. Before the simulation, we
assume that there are three layers, i.e., Si substrate, interfacial layer, and AIN film layer existing in the
as-grown AIN films on Si(111) substrates, and the initial parameters of each individual, such as thickness,
RMS surface roughness, RMS interfacial roughness etc., also need to be input to get an initial simula-
tion curve'>?!. Subsequently, the initial simulation curve is fitted to the experimental curve by using the
Fresnel equation integrated in TEPTOS software'>?”. When the simulation curve well agrees with the
experimental one, we eventually get the real parameters of each individual layer. In this way, we obtain
that there is no interfacial layer existing between AIN films and Si substrates. This may be ascribed to the
suppression of interfacial reactions between AIN films and Si substrates due to the effective suppression
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of diffused active Si atoms from the substrates which may react with AIN precursors'*-2!. Meanwhile, the
fitting results from the simulation also reveal that the thickness of as-grown AIN films is 29.3nm with a
RMS surface roughness of 1.3 nm.

The temperature dependence of interfacial layer thickness is also conducted in this study, Fig. 6b. We
find that the interfacial layer thickness is 8.0nm at the growth temperature of 850°C, and is gradually
decreased as the decrease in the growth temperature. Especially, when the growth temperature is 750°C,
the interfacial layer thickness reaches its minimum value of 0 nm. However, if the growth temperature is
further decreased to 700°C, the interfacial layer thickness becomes 1.5nm. We attribute these results to
the following®>**. At higher growth temperature of 850 °C, severe interfacial reactions take place between
Si substrates and AIN films during the initial growth, leading to the formation of the 8.0 nm-thick inter-
facial layer, which is bad for the growth of subsequent growth of AIN films. If the growth temperature is
decreased, the interfacial reactions become slower, and the interfacial layer thickness is greatly reduced.
Particularly, when AIN films are grown at 750 °C, the interfacial reactions are effectively suppressed, and
the sharp and abrupt interfaces can be therefore obtained'-*!. However, the further decrease in growth
temperature deteriorates the migration of AIN films on the substrates, and leads to the formation of
1.5nm-thick AIN interfacial layer.

In order to systematically study the properties of the interfacial layer, TEM and EELS are deployed.
Figure 7a shows the cross-sectional TEM and the corresponding fast Fourier transform (FFT) images for
AIN films grown at 850°C. We can find that there is an 8 nm-thick amorphous layer existing between
AIN films and Si substrates. The EELS measurement is a normal method for detecting the atom concen-
tration distribution, and has been widely used to check the concentration distribution in the interfacial
layer'433-35, When the EELS measurement is preformed across a certain distance of interfacial layer, the
concentration distribution of atom along the interfacial layer can be detected. We then can identify the
transition of the atoms from the curve, and therefore help us to find out the exact materials of inter-
facial layer'**-*. In this regard, the EELS measurement is introduced to study the elements in AIN/Si
interfacial layer. From the EELS curves, as shown in Fig. 7b, one can find that when the distance is away
from the substrates, the Si concentration gradually decreases while the Al and N concentrations monot-
onously increase. Based on these results, we can therefore conclude that this interfacial layer is SiAIN
layer'***-%, The formation of this amorphous SiAIN layer may be ascribed to the reactions between Si
atoms from Si substrates and AIN precursors produced by pulsed laser when ablating the AIN target
during the high growth temperature. The formation of this amorphous SiAIN layer releases the stress
between AIN and Si and causes the annihilation of dislocations**-*°. However, the amorphous SiAIN
layer is quite difficult for the nucleation of AIN films, and thus the AIN films grown on this amorphous
SiAlN layer are of poor-quality. The AIN films grown at 750 °C show sharp and abrupt interfaces with no
interfacial layer, as shown in Fig. 7c, which is in striking contrast to that of AIN films grown 850°C. At
this growth temperature, the diffused active Si atoms from substrates are effectively suppressed'*-?!, and
therefore the suppression of interfacial reactions between AIN films and Si substrates is achieved. These
sharp and abrupt AIN/Si hetero-interfaces benefit the subsequent growth of high-quality AIN films.
Selected area electron diffraction (SAED) patterns are used to further study the AIN/Si hetero-interfaces,
as shown in Fig. 7d. The in-plane relationship of AIN[1-100]//Si[11-2] can be identified***-*2, which
also confirms the high-quality AIN films grown at 750 °C. However, if the growth temperature is further
decreased, one can find that there is a 1.5nm-thick interfacial layer existing between AIN films and
Si substrates, as shown in Figs. 7e and f, which is determined to be AIN layer using the same method
mentioned above!**3-%°. This 1.5nm-thick AIN interfacial layer is under tensile stress, and therefore the
lattice parameter for this AIN interfacial layer is quite different from those of AIN films on the topside
shown in Fig. 7e. These results are well consistent with the GIXR measurement.

From these detailed studies on the properties of AIN films grown on Si substrates with various growth
temperatures, we can obtain the growth mechanisms for AIN films grown on Si substrates by PLD. As
for the AIN films grown on higher growth temperature of 850°C, serious interfacial reactions take place
between Si atoms diffused from Si substrates and AIN precursors produced by pulsed laser ablating the
AIN target, leading to the formation of amorphous SiAIN interfacial layer. Although the formation of this
amorphous SiAIN layer releases the stress between AIN and Si and causes the annihilation of dislocations
from the substrates®~*°, the amorphous SiAIN layer is quite difficult for the nucleation of AIN films, and
thus the AIN films grown on this amorphous SiAIN layer are of poor-quality. This process is illustrated in
Fig. 8a. As for AIN films grown on Si substrates at 750 °C, the interfacial reactions between Si substrates
and AIN films have been effectively suppressed, which results in the formation of sharp and abrupt
interfaces and eventually leads to the high-quality AIN films with small FWHMs and smooth surface,
as shown in Fig. 8b. However, as the growth temperature is further decreased to 700°C, 1.5nm-thick
AN interfacial layer is formed to release lattice mismatch between AIN and Si during the initial growth.
This interfacial layer contains fewer dislocations, which extend into the subsequent growth AIN films, as
shown in Fig. 8c. In short, high-quality AIN epitaxial films grown on Si substrates can be obtained with
suitable growth temperature by PLD.

High-quality AIN films with sharp and abrupt interfaces have been grown on Si substrates by PLD. It
is revealed that the ~300 nm-thick AIN films grown on Si substrates at 850 °C show poor crystalline qual-
ity with the FWHMs for AIN(0002) and AIN(10-12) of 2.5° and 2.2°, quite rough surface with a RMS
surface roughness of 5.1nm, and a 8.0 nm-thick amorphous SiAIN layer. If the growth temperature is
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Figure 7. (a) Cross-sectional TEM image for AIN films grown on Si substrates at 850°C, and (b) the EELS
measurement across the corresponding AIN/Si hetero-interfaces. (c) Cross-sectional TEM image for AIN
films grown on Si substrates at 750°C, and (d) the SAED patterns across the corresponding AIN/Si hetero-
interfaces. (e) Cross-sectional TEM image for AIN films grown on Si substrates at 700°C, and (f) the EELS
measurement across the corresponding AIN/Si hetero-interfaces.
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700°C, respectively.

decreased from 850 to 750°C, the quality of as-grown ~300 nm-thick AIN films is improved significantly.
Especially, the as-grown ~300 nm-thick AIN films grown at 750 °C show high-quality with the FWHMs
for AIN(0002) and AIN(10-12) of 0.6° and 0.9°, very smooth surface with a RMS surface roughness of
1.3nm, and sharp and abrupt interface. However, when the growth temperature is further decreased
to 700°C, the quality of as-grown AIN films becomes slightly poorer. The FWHM:s for AIN(0002) and
AIN(10-12) are raised to 0.8° and 1.0°, and the RMS surface roughness and the thickness of interfacial
layer are increased to 2.5 and 1.5nm, respectively. The mechanisms for the evolution of interfacial layer
from the amorphous SiAIN and layer to the abrupt and sharp AIN/Si hetero-interfaces by PLD are hence
proposed. This work of obtaining the abrupt interfaces and the flat surfaces for AIN films grown by PLD
is of great importance for the application of high-quality AIN-based devices on Si substrates.
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