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In this paper we describe a pulsed metalorganic chemical vapor deposition (MOCVD) Si-doping approach for AlN epilayers over bulk AlN. The Al-
rich growth/doping conditions in the pulsed MOCVD process resulted in n-AlN layers with transmission line model currents that were an order
higher than for structures on layers that were grown/doped at identical temperatures using the conventional MOCVD process. Our work
demonstrated that like the other reported approaches such as UV exposure during growth, the pulsed MOCVD process is also very effective in
reducing point defects by the defect quasi-Fermi level-chemical potential control. © 2025 The Author(s). Published on behalf of The Japan Society
of Applied Physics by IOP Publishing Ltd

A
lN is an excellent choice for high-temperature, and
high-power electronic devices. With an extremely
high breakdown field (∼14–16MV cm−1), and

thermal conductivity (∼300Wm-K−1), its Baliga figure of
Merit (BFOM) is higher than other wide bandgap or extreme
bandgap (EBG) semiconductors such as SiC, GaN, Ga2O3,

and AlxGax−1N (x⩾ 60).1,2) However, till recently the pro-
gress towards AlN for power and optical devices was limited due
to the difficulty in n- or p-type doping which was partly due to
the high ionization energy of the Si-donor (∼280MeV) and the
Mg-acceptor (∼630MeV).3,4) In addition, the high growth
temperatures required for the metalorganic chemical vapor
deposition (MOCVD) process also led to the formation of self-
compensating defects there by limiting the free electron con-
centration in Si-doped AlN.5) In their early work, Taniyasu et al.
reported the room-temperature carrier concentration and the
mobility for their MOCVD grown Si-doped AlN layers to be
around (0.8–1.7)× 1015 cm−3, and (426–125) cm2V−1 s−1.6–8)

To date there are no reports of p-type doping in AlN using
MOCVD.
Recently Ahmed et al. reported very high n-type and p-type

conductivity in AlN using Si- and Be- with a low temperature
(∼800 °C–900 °C) metal modulated molecular beam epitaxy
(MME) process.9–13) They attributed their high conductivity
values to the low growth temperature which leads to a significant
reduction in the formation of self-compensating defects.
Moreover, the metal-rich growth conditions enabled reduction
in the Al-Vacancy-Si complexes which behave analogously to
Al-Vacancy-O complexes resulting in the self-compensation of
the donors. The metal rich growth can also improve doping by
the control of the chemical potential/quasi-Fermi energy.
Mudiyanselage et al., and Quinones et al. reported on lateral
and quasi-vertical conduction Schottky barriers on Si-doped AlN
layers grown on bulk AlN use conventional MOCVD process
with growth temperatures around 1100 °C–1250 °C.14–18) For
their conventional MOCVD process the Al- and N- precursors
(Trimethylaluminum and Ammonia), and the Si-dopant were
simultaneously introduced in the growth chamber. Quinones
et al. reported the room temperature carrier concentration and
Hall mobility for their growths to be 1.5× 1015 cm−3 and
160 cm2V−1 s−1, respectively. They employed a Hg-lamp

irradiation for Fermi level control to mitigate the self-compensa-
tion thereby increasing the Si-doping.19–21) Bulk AlN substrates
are now readily available from several vendors with the defect
levels ∼103 cm−2.22,23) For both Mudiyanselage and Da B
et al.14,18) the surface ohmic contacts to the doped AlN layers
were nonlinear at low voltages. They measured and reported their
contact and sheet resistivity values at room and elevated
temperatures using the linear I─V region.
In this paper we report a new migration enhanced Pulsed

MOCVD (PMOCVD) process with a site selection silicon
doping scheme for n-AlN epilayers on bulk AlN. The
structural, optical and electrical characteristics of these were
compared to layers that were grown using the conventional
MOCVD growth/doping approach reported in Refs. 14, 18.
In Fig. 1 we show the precursor flows as a function of time

for the conventional and the PMOCVD processes used for
our study. In the past, the PMOCVD process has been shown
to yield much smoother surface morphology in III-N epilayer
growth due to reduced gas phase adduct formation.24–26)

Furthermore, the increased mobility of the Al-precursors on
the growth surface (in absence of NH3) leads to high quality
epitaxy even at temperatures which are 150 °C–200 °C lower
than those used for conventional MOCVD.27) As seen from
Fig. 1, we introduced the Si-dopant in the epi-growth under
metal rich conditions i.e. with the Al-pulse. In our study, the
conventional and PMOCVD growths were carried out under
identical conditions at ∼1100 °C and 40 torr. This was the
surface temperature measured by a pyrometer. Prior to the
growth, the c-oriented bulk AlN substrates were cleaned in
organic solvents (acetone, IPA), followed by an acid clean
(NH4OH, HCl, HF). They were also annealed under NH3 at
1150 °C. Trimethylaluminum (TMA), ammonia (NH3), and
silane (SiH4) were used as aluminum, nitrogen, and silicon
precursors, respectively. A 200 nm thick undoped AlN layer
was first grown at 1150 °C using conventional MOCVD
followed by 200 nm thick Si-doped AlN layers using both the
conventional and the PMOCVD processes of Fig. 1.
In Fig. 2(a) we include the surface atomic force micro-

scope (AFM) scans for the conventional and the PMOCVD
n-AlN layers. Despite the high Si-doping, both the layers
were very smooth with their RMS surface roughness values,
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respectively 0.92 and 0.42 nm. In Fig. 2(b) High resolution X-
ray diffraction measurements show the off-axis (1012) and on-
axis (0002) for conventional and PMOCVD n-AlN layers. The
off-axis (1012) linewidths were ∼39 and ∼21 arcsec, and the
on-axis (0002) linewidths were ∼26 and ∼15 arcsec, for the
conventional and the PMOCVD n-AlN layers, respectively. It

is worth noting that the PMOCVD n-AlN layers off-axis and
on-axis are very close to that measured for the starting
substrate. Using Reciprocal Space Lattice Mapping we con-
firmed our conventional and the PMOCVD n-AlN epilayer
structures to be pseudomorphic. We therefore estimate the
dislocation density in our n-AlN layers to be around 103 cm−2

(a) (b)

Fig. 1. (a) Precursor time-flow sequence for the conventional growth, (b) Pulsed MOCVD growth. Si-dopant are introduced with Al-pulse for metal rich
condition.

(a)

(b)

Fig. 2. (a) AFM surface scans of n-AlN layers of the study (right) conventional growth having roughness ∼0.92 nm and (left) the PMOCVD growth having
roughness ∼0.42 nm on 5 × 5 μm2 area. (b) HRXRD off-axis (1012) and on-axis (0002) scans of the conventional and the PMOCVD n-AlN layers of the
study. The off-axis and on-axis FWHM is slightly lower in the case of PMOCVD n-AlN layer.
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which is the same as for the bulk AlN substrate. This is also
supported by the cross-section TEM data of Fig. 3.
We also compared the room-temperature photolumines-

cence (PL) of the layers of our study. For these measurements
an Excimer laser (λ= 193 nm) pump was used. These PL
spectra for Si-doped conventional MOCVD, PMOCVD and
undoped conventional and PMOCVD samples are included
in Fig. 4. As seen, all the samples show AlN band-edge
emission at 5.93 eV. The highest intensity observed was for
the PMOCVD AlN layers, probably due to better quality as
compared to the conventional AlN. In addition, for the Si-
doped layers an additional peak was also observed at 3.2 eV.
This peak has also been observed in previous reports of AlN
photoluminescence and was attributed to Al-vacancy forma-
tion resulting from the Silicon doping.28–30) This seems to be
the case for our study as well, because the 3.2 eV peak is
absent in the PL data for our undoped AlN epi-structures (see
Fig. 4). Since both the conventional and the P-MOCVD
samples were grown at the same temperature and show the
3.2 eV emission peak, their conductivity difference cannot be
from the Al-vacancy/Si complexes. It may be due to the

reduced number of point defects from the pulsed doping
approach (see Ref. 21). Low-temperature PL studies are
currently underway to clarify this and will be reported
separately. By measuring the room-temperature PL for the
starting AlN substrate, we verified that the additional peak in
our PL data at 2.55 eV is from the starting bulk AlN
substrate.
We then fabricated transmission line model (TLM) test

structures with contact spacing from 2 to 20 μm on the
conventional MOCVD and on the PMOCVD Si-doped layers
of the study. For the ohmic contact metals we used Zr (150)/
Al (1000)/Mo (400)/Au (300)Å. The contacts were annealed
at 950 °C for 30 s. Note this is the same contact formation
scheme we had used in our previously reported EBG
MOSHEMT structures with Al0.65Ga0.35N channel and
Al0.85Ga0.15N barrier layers.31,32) In Fig. 5, we plot the
current–voltage (I─V ) curves for the 4 and the 8 μm spacings
TLM electrodes for the Si-doped, conventional and the
PMOCVD growths (see inset to Fig. 5). As seen at low
currents the TLM contacts are nonlinear which makes the
estimation of true contact resistance more difficult. This is

(a) (b)

Fig. 3. High-resolution cross-section TEM for the PMOCVD n-AlN (a) Bright Field (BF) and (b) high-angle annular dark-field (HAADF) images. No
dislocation generation was observed at the buffer AlN/AlN substrate or the Si-doped AlN/AlN buffer interface.

Fig. 4. Room temperature PL spectra for conventional and PMOCVD
grown AlN films with and without Si-doping. The additional peak at 2.55 eV
is from the AlN substrate.

Fig. 5. Current–voltage characteristics of the 4 and 8 μm spacing TLM
electrodes for the AlN:Si conventional and the PMOCVD layers. The inset
shows the n-TLM scheme.
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like the observations of Mudiyanselage and Da B et al. From
Fig. 5 data we see the peak current for the PMOCVD sample
at a bias of 25 V, to be more than an order higher than the
sample with conventional silicon doping. Since the growth
temperatures for the two samples were the same, we conclude
this increased current (doping) to be from the Metal-rich
conditions employed for the silicon doping during the
PMOCVD growth process. It should also be pointed out
that these currents for the PMOCVD doped samples are also
about an order higher than those reported by Mudiyanselage
and Da B et al.14,18)

In Fig. 6(a) we have included the I–V characteristics of
TLM structures for the PMOCVD Si-doped n-AlN sample.
Using the slope of TLM I–V curves in the linear region
(@25 V bias), the room-temperature sheet and contact
resistivity values for our PMOCVD n-AlN samples were
estimated to be 6.3 MΩ/□ and 7.4× 10−3

Ω cm2, respec-
tively. These are lower than the values of the previous reports
of Refs. 14–18 where an identical procedure was used to
estimate the sheet and contact resistivity values. In Fig. 6(b)
we show the 12 μm spacing TLM I─V data for the sample of
Fig. 6(a) as a function of temperature from RT to 200 °C.
From this temperature dependent data, we extracted the sheet
resistance and the contact resistivity as a function of
temperature. These data are plotted in Fig. 6(c). As seen,
both the sheet and contact resistivity values decreased by
several orders for a temperature rise from room to 200 °C.
Quasi-linear logarithmic Rsh(T) dependence suggests that the
Rsh(T) dependence is exponential and hence the main
mechanism behind Rsh reduction is donor ionization. We
then used the Arrhenius plot ln(Rsh) versus 1/(kT) to extract
the approximate value of donor ionization energy. When
ignoring the relatively weak temperature dependence of
carrier mobility, the extracted donor ionization energy was
found to be ED≈ 139MeV [see the inset of Fig. 6(c)]. We
have also estimated the Arrhenius slope correction due to
mobility–temperature dependence. Assuming that mobility
decreases roughly twice as the temperature increases from RT
to 200 C (typical for wide bandgap alloys), the corrected
donor ionization energy was estimated to be ED∼ 161MeV.
Note that the obtained values of ED= 139–161MeV are
significantly lower than 280 MeV reported in.3,4) This may be
attributed to a different mechanism of Si incorporation in our
PMOCVD growth process.

In conclusion, we have reported the use of pulsed
MOCVD for Si-doped n-type AlN growth over bulk AlN.
The site selection doping enabled Metal-rich conditions
which led to doping and forward current density an order
higher than other reports. Our work thus establishes the
pulsed doping approach as an effective way to control point
defects and defect quasi-Fermi level in n-type Si-doping of
AlN layers over bulk AlN substrates.
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