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ABSTRACT

AIN stands out for its remarkable figures of merit for electronic and photonic devices, attributed to its ultrawide bandgap of ~6.1 eV and an
exceptionally high critical field of ~15MV/cm. More recently, zirconium (Zr) doped AIN (AIN:Zr) has also been identified as a promising
material platform for the exploration of solid-state qubits for quantum information and technology, high performance piezoelectric acoustic
wave resonators, and optically triggered ultrafast power switching devices facilitated by optically activating Zr related impurities. Despite the
significant potential, the ability for producing AIN:Zr epitaxial structures has yet to be established. In this study, we have achieved AIN:Zr epi-
layers with a high Zr doping level [N,] of up to 10*° cm ™ using industrial standard metal-organic chemical vapor deposition growth tech-
nique. High crystalline quality of AIN:Zr was confirmed by x-ray diffraction, revealing a narrow full width at half maximum of the (002)
rocking curve at 216 arcsec for 1.8 um thick epilayers deposited on sapphire at [N,,]=10°°cm>. Zr doping was observed to slightly increase
the c-lattice constant to 4.992 A for AIN:Zr (at [N ]=10*" cm ?) compared to 4.980 A for undoped AIN. X-ray photoelectron spectroscopy
measurement results verified the substitution of Zr at the Al site (Zry;). The formation of (Zrs-Vy) complexes, which are predicted to pos-
sess all the desired properties required by quantum qubits, was confirmed through optical absorption studies. The realization of high-quality

AIN:Zr epilayers significantly broadens the scope of technologically significant device applications for AIN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0250015

[I-nitride semiconductor light emitting diodes (LEDs) and
power electronic devices have revolutionized the lighting industry and
power conversion systems by providing brighter and more energy effi-
cient and more reliable lighting solutions and power electronic devices
such as inverters and converters," ~ thereby enabling drastic reduction
in energy consumption and environmental impact. The development
of II-nitride microLED technology has created the microLED display
industry and propelled the research field of microLED microdisplays
for argument reality, virtual reality, and three-dimensional (AR/VR/
3D) displays.'” " High In-content InGaN and Al-content AlGaN
alloys based photonic devices are making inroads into full spectrum
solar energy conversion, sterilization, and UV curing technologies.'” '
Among III-nitrides, AIN possesses exceptionally high figures of merit
(FOM) for electronic and photonic devices, owing to its ultrawide
energy bandgap (UWBG) of ~6.1eV,"” a critical field of ~15 MV/cm,”
electron mobility of y. > 300 cm?/V-s,”" and thermal conductivity of
~320 W/m-K.

Apart from traditional photonics and electronics applications of
AIN, there have been surging interest in exploring point defects and
doped impurities in AIN as room temperature quantum qubits.”" >

This is because UWBG can suppress coupling between defect levels in
the band gap and bulk states, and its small spin-orbit splitting can
enhance qubit-state lifetime.”' It is particularly intriguing that among
various defects and impurities, zirconium (Zr) is shown to be one of
the best qubit candidates because it can easily be incorporated into
AIN and substitutes on the Al site (Zr,;) with a low formation energy
and tends to form complexes with nitrogen vacancy (Zr-V), leading
to formation of individually addressable qubits in this material.
Though Zr,; donors cannot be used as qubits, (Zra-Vy) complexes
have spin properties like N-V centers in diamonds and possess all the
desired properties required by quantum qubits.”’ This prediction has
simulated several experimental studies of exploring Zr implanted AIN
thin films for quantum emitters.”>*’ Mg and Zr co-doped AIN poly-
crystalline films have also been explored for high performance piezo-
electric acoustic wave resonator devices.”* In these studies, Zr was
introduced by ion implantation and followed by thermal annealing. It
is quite encouraging that single photon emission lines in the visible
wavelengths were observed in Zr implanted AIN thin films with one of
which appearing around 1.7-1.8 eV, in agreement with the predicated
energy level of (Zra-Vy) complex in AIN.”*”" There are obvious
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disadvantages to employing ion implantation techniques to obtain Zr
doped AIN, which include radiation damage to AIN films and difficul-
ties in controlling the concentrations and positions of Zr,;, Vy, and
(Zrp1-Vy) complex.

Because the predicted energy levels of Zr, and (Zra-Vy) of about
1.4 and 1.8 eV below the conduction band edge are sufficiently deep,
and Zr, and (Zra-Vy) have a neutral charge state, Zr doped AIN epi-
layers (AIN:Zr) potentially enable the realization of extrinsic UWBG
photoconductive semiconductor switches (PCSSs). PCSSs are a unique
set of sub-class power electronic switching devices capable of providing
reliable ultrafast high voltage or high current operation with negligible
jitter time,”” *” while the use of GaN and SiC wide bandgap (WBG)
semiconductors can provide high operating voltage or current, but not
both. This is because WBG PCSS devices need to employ semi-
insulating materials, which were achieved by compensation doping
using deep level acceptors.”” >’ This approach cannot accommodate
high hold-off voltage and high photocurrent simultaneously because
the total impurity concentration is too high to enable a high hold-off
voltage, whereas the number of optically active compensated acceptors
is generally too low to support a high photocurrent operation.
Additionally, in compensation doped semi-insulating SiC and GaN,
the electron mobilities are predominantly affected by ionized impuri-
ties, whereas the electron mobility in AIN:Zr is primarily influenced by
neutral impurities. Based on the intrinsic physical properties of AIN
and predicted Zr and (Zry-Vy) donor energy levels, AIN:Zr PCSS
devices have the potential to support optical trigger, high hold-off volt-
age, high on-state current, high frequency, and compact operation
simultaneously. To realize the full potential of AIN:Zr material system
as a platform for the investigation of solid-state qubits and PCSS devi-
ces, the ability for producing epitaxial layers with high crystalline qual-
ity using industrial standard growth techniques, such as metal-organic
chemical vapor deposition (MOCVD), must be established.

We report on the epitaxial growth of AIN:Zr epilayers by
MOCVD. To produce AIN:Zr, we employ epitaxial growth conditions
established for undoped and Si doped AIN epilayers.' "’
Trimethylaluminum (TMAL) and NH; were used as Al and N precur-
sors, respectively, and hydrogen was used as the carrier gas. The metal-
organic (MO) Zr doping source, Tetrakis(dimethylamino)zirconium
(TDMAZr, Zr[N(CHs),]4), was carried into the reactor using hydro-
gen gas using a flow rate of 200 ml/min. The vapor pressure of the Zr
doping source was controlled at 0.022mm Hg at 300 K. AIN:Zr epi-
layers of 1.8 um were deposited directly on c-plane sapphire via a
20nm thick low temperature undoped AIN buffer layer grown at
750 °C, as schematically illustrated in Fig. 1(a). With no intermediate
undoped AIN epilayer inserted in between the substrate and doped
layer, this simple structure allows examination of AIN:Zr epilayer
properties without complications and rapid feedback to improve
growth conditions. The growth temperature for AIN:Zr epilayer was
1250 °C, providing a growth rate of around 0.9 um/h. Secondary ion
mass spectrometry (SIMS) measurements were performed (by Charles
Evans & Associates) to determine the Zr doping concentration in AIN:
Zr epilayers. X-ray photoelectron spectroscopy (XPS) technique
(Physical Electronics PHI 5000 Versa Probe II Hybrid) was used in
tandem to SIMS to characterize the elemental compositions of the epi-
layers, and the measurement was done in a high vacuum (107 Torr)
chamber. An argon (Ar) ion gun was used to etch the surface to
remove any dust and surface adsorbents prior to survey scans. The

pubs.aip.org/aip/apl

o) ANzr ]

(a) 1020

10"}

AIN:Zr

1 018 L
c-plane sapphire

Zr concentration (cm)

1017 L

[Nz 1= 10% ¢cm?

1016

1] 0.5 1 1.5 2 2.5
Depth (um)

FIG. 1. (a) Schematic layer structure of AIN:Zr produced by MOCVD. (b) Plot of the
Zr concentration profile measured by SIMS, revealing a uniform Zr concentration of
10%° cm 2 along the c-axis in the entire AIN:Zr epilayer.

epilayer crystalline quality was monitored by x-ray diffraction (XRD).
XRD in both w-26 scan and w-scan (or rocking curves) was measured
to assess the effects of Zr doping to AIN:Zr crystalline quality.

Figure 1(b) plots the Zr concentration profile measured by SIMS
for a representative AIN:Zr sample, revealing a uniform Zr concentra-
tion of 10*° cm™? along the c-axis in the entire AIN:Zr epilayer. The
results demonstrated that very high Zr concentrations can be attained
in AIN:Zr. Based on theoretical insights, Zr dopants substitute on the
Al sites and form donors (Zr,;) with an energy level at ~1.4 eV below
the conduction minimum. Thus, in the absence of compensating
defects or impurities, Zry; donors are neutral during growth, which
contrasts to the case of Si doping in AIN, in which mostly Sis; donors
are ionized during growth owing to a much lower ionization energy of
Siaj donors in AIN.

Figure 2(a) is a plot of XPS (a) survey spectrum and (b) narrow
energy scan of Zr (3d) core level of an AIN:Zr epilayer. The Zr concen-
tration estimated from the survey spectrum shown in Fig. 2(a) is
around 0.3%. As XPS is a surface analysis technique (depth ~10 nm),
the estimated Zr concentration from XPS not necessarily represents
the precise value inside AIN:Zr, but we find a strong correlation
between the Zr concentrations estimated from XPS and SIMS results.
Figure 2(b) shows an XPS tight scan of the Zr (3ds),) core level of an
AIN:Zr sample, revealing a clear peak near 180.9 eV, corresponding to
Zr bonding with N (Zr-N),”" ie., Zr 3d with nearest neighbors of N.
An additional peak near 183.3 eV is due to Zr 3ds/,—-3d5/, orbital split-
ting energy of A ~2.4 eV.”! XPS results, thus, clearly demonstrated
that Zr substitutes at the Al site and forms donor (Zr,;) in AIN, in
agreement with theoretical prediction.”’ The narrow line widths of
these two peaks indicate high crystalline quality of Zr doped AIN epi-
layers. While not shown, tight scans of Al 2p and N 1s revealing bind-
ing energies of 73.5 and 396.6 ¢V, corresponding to Al bonding with
nearest neighbors of N and N bonding with nearest neighbors of Al
respectively, are in good agreement with previous reported results.’

Figure 3(a) compares the XRD spectra in w-20 scans covering
the (002) peaks of AIN:Zr epilayers with different Zr concentrations
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FIG. 2. (a) XPS survey spectrum performed on an AIN:Zr epilager with a measured Zr concentration by SIMS of 102 cm=2. (b) XPS tight scan of Zr (3d) peaks in an AIN:Zr
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FIG. 3. (a) XRD w-20 scans of the (002) peaks of AIN:Zr epilayers with different Zr concentrations: (a1) [Nz]=0, (a2) [Nz]=10" cm~2, and (a3) [Nz]=10%° cm~>. The dashed
vertical line indicates the (002) peak in unstrained and undoped AIN. Insets are optical microscopy images of 2 in.-diameter AIN:Zr and AIN wafers. Plots of (b1) XRD intensity
of (002) peak, (b2) FWHM of (002) peak, (b3) 20 position of (002) peak, and (b4) c-lattice constant extrapolated from (002) peak position, as functions of Zr concentration.
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[NZr]> (al) [NZr]:O) (32) [NZr]:lOI6cm73) and (8.3) [NZr]
=10 cm ™, which revealed that the 20 position of the (002) peak sys-
tematically shifted toward lower angles with increasing [Ny,]. To pro-
vide a more complete picture, Fig. 3(b) plots (bl) XRD intensity of
(002) peak, (b2) full width at half maximum (FWHM) of (002) peak,
(b3) 26 position of (002) peak, and (b4) c-lattice constants extrapolated
from (002) peak positions, as functions of [N]. Several effects
induced by Zr doping in AIN epilayers have been observed from Fig. 3.
The XRD intensity of (002) peak in @-20 scans decreases, while
FWHM of (002) peak in -26 scans increases from 112 to 277 arcsec
with increasing [N,] from [N,]=0 to [N£]=10**cm™. This indi-
cates that the crystalline quality of Zr doped AIN epilayers decreases
with an increase [Nz,]. This can be understood by the fact that the
atomic size of Zr, which substitutes on the Al site, is larger than that of
Al atom. Consequently, nitrogen atoms of the nearest neighbors of Zr
may be slightly distorted to compensate for strain introduced by Zr
incorporation. This fact is also reflected in Figs. 3(b3) and 3(b4), which
revealed that the (002) peak position shifts toward smaller angles, cor-
responding to an increase in the c-lattice constant with increasing Zr
concentration. The c-lattice of AIN:Zr is ¢=4.992 K at [Ny]
=10*cm * compared to ¢=4.980 K in undoped AIN. A previous
study on Mg and Zr co-doped AIN revealed a similar trend, although
those AIN:MgZr polycrystalline films produced by radio-frequency
magnetron reactive sputtering exhibit a FWHM of (002) peak in @
scans of 6°.”* The incorporation of Zr also results in a slight increase in
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the surface roughness of the AIN epilayers. Atomic force microscopy
(AFM) measurements conducted over a 5 um x 5 yum area revealed a
typical root-mean-square (RMS) surface roughness of ~1nm for
undoped AIN, compared to ~3 nm for AIN:Zr at N,,=10**cm >,
Figure 4(a) compares the XRD (002) rocking curves of AIN:Zr
epilayers with different Zr concentrations [Nz], (al) [Nz]=0, (a2)
[N£]=10"cm ™, and (a3) [N ]=10*cm>. Figure 4(b) plots (bl)
(002) XRD rocking curve intensity and (b2) (002) rocking curve
FWHM as functions of Zr doping concentration, [Ny,]. Several points
are worth noting. First, the FWHM of (002) XRD rocking curve of our
undoped AIN epilayer is as small as 20.5 arcsec, which is among the
narrowest linewidth reported for AIN epilayers of this thickness. The
XRD results clearly demonstrate our ability for producing AIN epi-
layers with the highest possible crystalline quality, which is critical to
support the growth of Zr doped AIN. Second, we noted that the
FWHM increases, meaning the crystalline quality of Zr doped AIN
epilayers reduces with increasing [N,], corroborating the results of
Fig. 3. However, the crystalline quality of AIN:Zr remains very high
even at a Zr concentration of [N]=10?"cm ™, as reflected by the
FWHM of (002) XRD rocking curve of only 216arcsec for AIN:Zr
with [Nz]=10"cm>. In comparison, the FWHM of (002) XRD
rocking curves of Zr implanted and thermally annealed AIN:Zr films
produced by reactive magnetron sputtering technique exhibited a typi-
cal FWHM of greater than 1.3°.”” In fact, the FWHM of our AIN:Zr
epilayers produced by MOCVD is comparable to those seen in
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FIG. 4. (a) XRD (002) rocking curves of AIN:Zr epilayers with different Zr concentrations, (a1) [Nz]=0, (a2) [NzJ=10" cm~=3, and (a3) [Nz]=10% cm~>. (b) Plots of (b1) (002)
XRD rocking curve (XRD-RC) intensity and (b2) (002) rocking curve FWHM as functions of Zr doping concentration, [Nz].

Appl. Phys. Lett. 126, 022106 (2025); doi: 10.1063/5.0250015
Published under an exclusive license by AIP Publishing

126, 022106-4

€5:G¥L1 G20z Aenuer 1


pubs.aip.org/aip/apl

(@)

Applied Physics Letters ARTICLE

14 r__.A,\,\/\/\/\
0.8 - —— AIN undoped

—— AIN:Zr

696 nm
1.78 eV

Wavelength (nm)

0 400 800 1200 1600 2000 2400 2800

pubs.aip.org/aip/apl

(b)

6l - AIN:Zr  2,=193nm (b1),
300 k

F=N
T

3.63 eV -
v

N
T

= AIN undoped

5.9 ev(b2)|

[=2]
T

Intensity (a.u)
o

H
T
M

T
Iy,
e R T
pamw unm mmmEE
1

|

1 2 3 4 5
Energy (eV)

[=}]
~

FIG. 5. Comparison of optical properties of undoped AIN and AIN:Zr ([Nz]=10%°cm~2). (a) Room temperature optical transmission spectra of undoped AIN and AIN:Zr epi-
layers. (b) Room temperature PL emission spectra of undoped AIN and AIN:Zr epilayers under excitation by 193 nm photons provided by an excimer laser.

undoped AIN bulk crystals produced by the physical vapor transport
method by various groups.”**

Figure 5(a) compares room temperature optical transmission
spectra of undoped AIN and AIN:Zr epilayers. Undoped AIN epilayer
exhibits a sharp absorption at the band-edge near 200 nm, as expected
from AIN with high crystalline quality and purity. In comparison, in
addition to the strong optical absorption at the band-edge, AIN:Zr epi-
layer also exhibits a strong absorption peak at 1.78 eV. This absorption
peak coincides exceptionally well with the calculated energy level of
(Zra-Vn)° donor of about 1.8V below the conduction band mini-
mum in AIN:Zr, which was predicted to possess all the desired proper-
ties of quantum qubits.”’ However, the optical absorption spectrum is
unable to resolve the energy level of the predicated simple substruc-
tional (Zr,)° donor. Figure 5(b) compares room temperature photolu-
minescent (PL) emission spectra of undoped AIN and AIN:Zr
epilayers under excitation by 193 nm photons provided by an excimer
laser. Undoped AIN epilayer exhibits a very clean band edge emission
line at 5.9 eV, whereas the dominant emission of AIN:Zr appears at
around 3.63eV with the band-edge line exhibiting a much smaller
intensity as well as a slight redshift to 5.89 V. The 3.63 eV line has not
been previously observed in AIN'""” and is presumably related to Zr
incorporation. Detailed PL emission studies are urgently needed and
become possible with the realization of high-quality AIN:Zr epilayers.

In summary, we have conducted MOCVD growth of Zr doped
AIN epilayers (AIN:Zr) on c-plane sapphire using MOCVD. By first
establishing the capability for producing exceptionally high crystalline
quality undoped AIN epilayers exhibiting a FWHM of (002) XRD rock-
ing curve as low as 20 arcsec, AIN:Zr with a Zr concentration up to
[N ]=10* cm™> has been produced. The incorporation of Zr was con-
firmed through a variety of characterization techniques, including

SIMS, XPS, XRD, optical absorption, and PL measurements. The high
crystalline quality of AIN:Zr was evidenced by a very narrow FWHM
of 216arcsec for the (002) XRD rocking curve at [N ]=10*cm™3,
which is significantly lower than the FWHM values of greater than
degrees previously reported for AIN:Zr thin films produced using other
techniques. It was observed that the c-lattice constant of AIN:Zr (4.992
¥ at N,=10%*° cm ) is slightly enlarged over that of undoped AIN epi-
layer of the same thickness (4.980 ) due to the fact that Zr substitutes
at the Al site, as Zr has a larger atomic size than Al The formation of
(Zra-Vy) complexes, which are predicted to possess the desired prop-
erties for quantum qubit applications, was confirmed through optical
absorption spectroscopy. Our results demonstrated that MOCVD is an
ideal technique for producing AIN:Zr epitaxial films and nanostruc-
tures. The realization of AIN:Zr epilayers with excellent crystalline qual-
ity paves the way for exploring numerous advanced applications
predicted by theoretical studies, including single photon emitters and
solid-state qubits in AIN:Zr for quantum information and technology,
improved acoustic wave resonator devices, and UWBG PCSS devices
via optical activation of (Zrn)° and (Zrp-Vy)° donors, thereby further
expanding the applications of III-nitride semiconductors.
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