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We report the growth of AIN epilayers on c-plane sapphire substrates by pulsed metal organic chemical vapor deposi-
tion (MOCVD). The sources of trimethylaluminium (TMAI) and ammonia were pulse introduced into the reactor to avoid
the occurrence of the parasitic reaction. Through adjusting the duty cycle ratio of TMAI to ammonia from 0.8 to 3.0, the
growth rate of AIN epilayers could be controlled in the range of 0.24 m/h to 0.93 m/h. The high-resolution x-ray diffraction
(HRXRD) measurement showed that the full width at half maximum (FWHM) of the (0002) and (10-12) reflections for a
sample would be 194 arcsec and 421 arcsec, respectively. The step-flow growth mode was observed in the sample with the
atomic level flat surface steps, in which a root-mean-square (RMS) roughness was lower to 0.2 nm as tested by atomic force
microscope (AFM). The growth process of AIN epilayers was discussed in terms of crystalline quality, surface morphology,
and residual stress.
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1. Introduction

AIN and AlGaN based materials have potential applica-
tions in power electronic and optoelectronic fields due to their
wide energy bandgaps, high electron mobilities, high break-
down voltages, and strong resistance to radiation.!'! For op-
toelectronic devices, an AIN layer can be usually used as a
template layer or window layer for light-emitting and photo-
detective devices in the ultra-visible (UV) spectral region from
200 nm to 365 nm. These UV devices can be used in ar-
eas such as disinfection/sterilization, homeland security, and

(231 For application in

secure space-to-space communication.
power electronic devices such as the field effect transistor
(FET) and high electronic mobility transistor (HEMT), an AIN
layer can be used both as a spacer layer, which significantly
influences the electron mobility in the two-dimensional elec-
tron gases, and a buffer layer when the devices are grown
on semi-insulating SiC or Si substrates.*! However, growing
high quality AIN films on foreign substrates using a routine
metal organic chemical vapor deposition (MOCVD) method
at low temperature (< 1300 °C)P! remains a challenge due
to the cracking arising from the large lattice mismatch and
difference of thermal expansion coefficients between the epi-
layer and the substrate, severe gas-phase parasitic reactions
between trimethylaluminium (TMAI) and ammonia, and poor
migration ability of Al atoms on the AIN surface.!®) Many re-

searchers have proposed different models or explanations!’~12]
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for the growth kinetics of AIN, but by only taking into ac-
count some factors like parasitic reactions, grain boundaries,
and dislocations. These models are still hard to precisely pre-
dict the AIN growth process and determine the cause of poor
AIN quality.

In this study, we grow good quality AIN epilayers on sap-
phire by a pulsed MOCVD method at a relative low tempera-
ture (1150 °C-1190 °C) and find three kinds of growth modes
(step-flowing mode, step-bunching mode, and island growth
mode) depending on the process parameters. The crystalline
quality, surface morphology, and residual stress are character-
ized and the growth kinetics is discussed. The realization of
AIN epilayers with good crystalline quality would be benefi-
cial to the development of the UV optoelectronic and power
electronic devices.

2. Experiment

AIN samples were grown on 2-inch c-plane sapphire sub-
strates in a low-pressure AIX 200/4 RS-F MOCVD reactor.
Trimethylaluminium (TMAI) and ammonia (NH3) were used
as Al and N sources, respectively. Prior to growth, the sap-
phire surface was thermally cleaned in hydrogen ambient for
10 min, followed by AIN growth in a pressure of 50 mbar.
To avoid the gas parasitic reactions of TMAI and NH3z, TMALI
and NH3 were pulse introduced into the reactor by a pulsed
MOCVD method. Here we used the duty cycle ratio of TMALI
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to NHg, to define the growth atmosphere of AIN for the cham-
ber pressure and the carrier gas flow was constantly main-
tained for all the samples. The value of 8 changed from 0.8
to 3.0 so that the growth rate of the AIN epilayers could be
controlled, as schematically shown in Fig. 1. Such a growth
process was in-situ monitored by Filmetrics F30. When either
the TMAI flow or NH3 flow was switched off, the hydrogen
flow was swept to purge the source residual gas. The growth
pressure was maintained at 50 mbar during the whole growth
process. The temperatures for the nucleation (7 ), the growth
temperature for the subsequently-grown coalescence and con-
tinuous film (73) are presented and other source flow rates are
also given in Table 1.
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Fig. 1. (color online) Diagrams of pulse growth mode of AIN samples.

Table 1. Growth parameters of AIN samples.

The crystalline quality of AIN epilayers was examined by
a high resolution x-ray diffractometer (HRXRD) installed at
a diffuse x-ray scattering station of the Beijing Synchrotron
Radiation Facility, and a Huber five-circle diffractometer was
used. The radiation energy of the x-ray beam was 8.05 keV
with 0.7 mmx0.4 mm (H x V) of the spot size. The surface
morphology and surface roughness were characterized using
an atomic force microscope (AFM) in tapping mode. The
stress in AIN was determined through the Raman shift of char-
acteristic AlN—EQigh peaks, measured by a LabRAM HR 800
Raman spectrometer with a 514.5 nm-line laser as the excita-
tion source.

3. Results and discussion

Under high temperature conditions and free of the par-
asitic reaction, AIN growth rate G is mass transport lim-
ited, which means that the growth rate should be propor-
tional to the TMAI flow rate.

parasitic reaction of TMAI and ammonia, the growth rate

However, due to the strong

is very sensitive to the growth atmosphere like the V/III ra-
tio. The possible reaction pathways are described in Fig. 2.
When TMAI and ammonia flow above the heated substrate,
they begin to merge and form the main product DMAINH,
(AI(CH3)2:NH;) through adduct reactions.['* DMAINH,
tends to form dimer ((DMAINH;],), trimer ((DMAINH;]3),

Sample T;/°C Tyyoc  [MAlflow — Ammoniaflow g and complex [DMAINH,], compounds. The thermophoretic
rate/sccm rate/sccm . . . R
A 1150 1150 30 500 16 force makes the trimer float over the dimer, the dimer is there-
B 800 1160 50 1800 08 fore the main precursor for AIN epilayers while the trimer is
C 800 1190 70 3000 1.5 .
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Fig. 2. Schematic of the AIN deposition and reaction pathways. 3]

The reflectance versus time curves of AIN growth in-situ
optically monitored by Filmetrics F30 with selective wave-
length at 650 nm are shown in Fig. 3. The boundary for the
AIN nucleation and coalescence growths is marked by the ar-
rows. The layer thickness and growth rate!'# of the AIN layer
can be calculated by

iA
d=3" e))

where A is the wavelength, n is the reflective index, d is the

layer thickness, and i is an integer which corresponds to the
oscillation periods. The growth rate G derived by the above-
mentioned equation is summarized in Table 2.

The diffusion coefficient D and the rate of adsorption and
desorption of Al atoms follow the Arrhenius equation

D = Dyexp (IfT) )
k=Aexp <_I§;) , 3
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where Dy is the maximal diffusion coefficient (at infinite tem-
perature), k is the rate constant, T is the absolute temperature,
A is the pre-exponential factor, E, is the activation energy for
the reaction, and R is the universal gas constant.
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Fig. 3. (color online) Reflectance versus time of AIN samples measured at
650 nm.

Table 2. Growth rate G and the other correlative parameters.

Sample B Jal/scem G/(pm/h) Y
A 1.6 50 0.504 0.60
B 0.8 31 0.236 0.46
C 1.5 70 0.496 0.43
D 3.0 70 0.930 0.80
E 2.0 70 0.760 0.65
F 3.0 70 0.950 0.82

To determine the extent of the reaction of TMALI, the rel-
ative efficiency value 7 is introduced as

G

Y=B;" @)
where G is the growth rate of AIN, Jy; is the actual TMALI
flow participating in the growth, which is the ratio of the flow
of TMALI introduced to the reactor to the on-duty time. B is
the normalization constant and here we take B = 60 to make y
more comparable. In terms of the physical meaning, the larger
the value of ¥ is, the stronger the reaction of TMALI is. The
calculated values of y are shown in Table 2.

To confirm the validity and examine the quantitative rela-
tionships of B with Ja;, G, and ¥, we introduce two additional
similar AIN samples which are labeled as E and F, and the
corresponding parameters are listed in Table 2.

Three key factors, the actual TM Al flow, growth tempera-
ture 7', and growth atmosphere, that may influence the growth
rate of AIN are considered. It can be easily concluded that
the value of J4; has little impact on the growth rate of AIN as
seen from Table 2, thus we assume that J; has reached the
saturation value.!!'3] The temperature ranged from 1150 °C to

1190 °C in the experiments, such small temperature fluctu-
ation has little influence on the diffusion coefficient and the
rate of adsorption and desorption according to Egs. (2) and
(3). Therefore, the influence of the fluctuation of Jo; and tem-
perature can both be neglected. After excluding the first two
factors, we assume that the growth atmosphere is the primary
factor that determines the growth rate of AIN.

A linear fitting of B with growth rate G and relative effi-
ciency value 7 is performed and the results are shown in Fig. 4.
The fitting factors R> are 0.96 and 0.85, respectively, which
means a good linearity. This indicates that larger 8 can induce
a higher extent of reaction of TMAI and a higher growth rate
of AIN. To put it in another way, when f increases, the formed
[DMAINH;], species turn to a dimer form as shown in Fig. 2,
thus the extent of the reaction of TMAI and the growth rate of
AIN are both improved.
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Fig. 4. (color online) The linear fitting of B with G and 7.

To explain the nature of the approximate proportional re-
lationship of B with growth rate G and the relative efficiency
value y, we speculate that it can be attributed to the change
of the growth atmosphere, i.e., the ammonia flow is switched
to hydrogen flow corresponding to the transition from the N-
rich condition to the H-rich condition. Gherasoiu et al.!']
pointed out that the AIN growth rate is limited by the degree
of hydrogen passivation and the nitrogen bonds available at
the growth surface. Under the N-rich condition (when the am-
monia flow is switched on), the hydrogen surface coverage in-
creases, which means that Al has to compete with residual hy-
drogen for N bonds, thus resulting in a reduced growth rate. To
conclude, it is a feasible method to modify the growth rate of
AIN growth by adjusting the duty cycle ratio of TMALI to am-
monia when the TMAI flow has reached the saturation point.

The nucleation layer in sample A was directly grown on
the sapphire substrate at 1150 °C, while the other samples
were grown at 800 °C. As shown in Fig. 3, oscillations in the
intensity of sample A do not show an obvious drop, and have
a similar tendency to those of the other samples in the growth
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process. However, the macro surface morphology of sample
A is less uniform with some opaque areas on the 2-inch size
wafer, while the other three samples show featureless specu-
lar surfaces. According to Ching’s study,!'®! the sapphire sub-
strate may have undergone an unintentional nitridation process
at the initial growth stage of high temperature (above 950 °C)
AIN nucleation layer, therefore giving rise to the mixed polar-
ity and rough surface. In light of Ching’s study and our results,
a lower nucleation temperature can improve the uniformity
and morphology of the AIN layer. The following measure-
ments were all conducted in the transparent featureless areas
of these AIN layers.

Symmetrical (0002) and asymmetrical (10-12) x-ray
rocking curve measurements (XRC) were carried out to eval-
uate the crystalline quality of the AIN samples as shown in
Fig. 5. The full widths at half maximum (FWHMs) for sample
A from (0002) and (10-12) reflections are 194 arcsec and 421
arcsec, respectively. The corresponding FWHMs can reflect
the densities of screw-type dislocations and edge-type dislo-

(17 The density of p dislocations can be

18]

cations respectively.
calculated through the following equation by Hirsch mode:!
62

= 5
4.36 x |b|?’ )

P

where & is the FWHM, and b is the burgers vector of dislo-
cation. In the case of AIN, the values of the burgers vectors
|b| are 0.498 nm for the screw dislocation and 0.3112 nm for
the edge dislocation. The densities of the screw dislocations
(screw DT) and the edge dislocations (edge DT) are shown in
Table 3 for the four samples. The edge dislocation density in
sample A is lower than that in the other samples, and the screw

dislocation density is also relatively lower than that in samples
C and D, but slightly higher than that in sample B. The reason
is not clear currently and a further study is underway.
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Fig. 5. (color online) X-ray rocking curves of AIN (0002) and (10-12)
reflections measured by HRXRD.

Table 3. XRD, AFM, and Raman measurement results of AIN samples.

Sample (002) (102) FWHM Screw DT Edge DT RMS E2®" peak
FWHM/arcsec /arcsec Jem™2 Jem™2 /nm Jem™!
A 194 421 8.21x107 9.87x108 0.20 657.51
B 36 1350 2.81x10° 1.01x10%0 20.7 657.51
c 385 958 3.22x108 5.10x10° 0.65 655.96
D 486 828 5.13%108 3.82x10° 0.75 656.99

Raman scattering measurements were performed to eval-
uate the residual stress in the AIN layer!!®! as shown in Fig. 6.
Only the E; (high) mode can be observed for all samples in
the z(y,y)Z configuration. The results are presented in Table 3.
It has been reported that the E; igh peak of bulk AIN under zero
stress is about 657.4 cm~!. Samples A and B are fully relaxed,
while samples C and D have residual tensile strains[??!1 of
0.5540.05 GPa and 0.18 +0.02 GPa, respectively.

Figure 7 shows the atomic force microscopic images for
the four samples. In sample A, an atomic level flat surface
feature can be seen with an RMS roughness of 0.2 nm and a

terrace width of ~100 nm, implying single monolayer height

steps. Bryan et al.l*?] reported that the critical terrace width
of AIN in step-flow mode is about 60—110 nm, in agreement
with our result. In addition, there are some kinks on the sur-
face, this can be ascribed to the impact of the dislocations. [23
The step-flow growth mode contributes to the high quality AIN
films. The large islands with different sizes in sample B indi-
cate the low island density and the island growth mode. Due
to the large distance between the islands, the coalescence and
flatness of the AIN are poor and this is in agreement with the
RMS roughness of 20.7 nm. Moreover, the coalescence of is-
lands could cause the tilt of the islands and thus degrades the

crystalline quality. As shown in Fig. 1, in the growth cycle of
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sample B, the TMAI off-duty time is 5 s, e.g., the TMALI flow
stopped flowing to the reactor, but the ammonia flow started
on, which equals an infinite V/III ratio. Wang ez al.”**! found
that a high V/III ratio leads to a high longitudinal growth rate,
forming island crystals to produce abundant crystal boundaries
that are capable of suppressing the elongation of dislocation,
which is in agreement with the especially low FWHM of 36
for the (0002) reflection.

Intensity

600 630 660 690 720 750

Raman shift/cm™

Fig. 6. (color online) Raman spectra of the AIN samples.

In sample C, there is a step-bunched morphology with 5—
10 ML-height steps and 1 pm width terrace. According to

z/pm
x/pm

the Raman spectra, sample C has residual tensile strain. Ter-
soff et al.1>>! reported that elastic relaxation at steps produces
a long-range attractive interaction between the steps and thus
the surface is unstable against step-bunching. Suda ez al.l”!
reported the transition from step-bunching to step-flow mode
for AIN growth on SiC substrate. The step-bunching mode
and the transition to step-flow mode were both observed as
shown in Fig. 8, and it agrees with the above-mentioned re-
ports. Compared with sample A, sample C has an inferior
crystalline quality whose FWHMs for (0002) and (10-12) re-
flections are almost doubled and the reaction efficiency value
Y decreases from 0.6 to 0.43. This means that the strain or
the step-bunched morphology may inhibit the adsorption of
Al adatoms and thus decrease the efficiency value y as well
as degrade the crystalline quality. Sample D did not present a
remarkable growth mode just by judging from the AFM image
shown in Fig. 6. It should be noted that sample C and sample
D have similar crystalline quality and RMS values but a signif-
icant difference in the surface morphology. These two samples
had exactly the same growth conditions except the value of f3,
which can be reflected in the growth rate G. Therefore, we
assume that the change of the growth rate has an impact on
the surface morphology. One possible explanation is that the
higher growth rate of sample D suppressed the step-bunching
mode!? that should present in sample C, furthermore, the
residual strain was partially relaxed as shown in Table 3.

z/pm

Fig. 7. (color online) AFM micrographs of AIN layers of (a) sample A, (b) sample B, (c) sample C and (d) sample D.
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Fig. 8. (color online) The height distributions of (a) line 2 and (b) line 1 from the AFM micrograph of sample C.
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4. Conclusion

We studied the growth of AIN layers using pulse
MOCVD methods and obtained a high quality AIN layer un-
der arelative low temperature. The growth rate of AIN was ad-
justed by the on-duty time ratio of TM Al flow to ammonia. We
found that a low temperature nucleation layer (about 800 °C)
can improve the uniformity of the AIN layer while there is a
narrow growth window to grow a high quality AIN film with
a high temperature nucleation layer (about 1150 °C). Three
different growth modes were observed in our samples includ-
ing step-flow mode, step-bunching mode, and island growth
mode.
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