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ABSTRACT

Aluminum nitride (AIN) doped with zirconium (Zr), AIN:Zr, an ultrawide bandgap semiconductor, has been theoretically predicted as a
promising material for quantum information systems, piezoelectric applications, and photoconductive semiconductor switches. We report on
the optical characterization of AIN:Zr epilayers synthesized by metal-organic chemical vapor deposition. Photoluminescence measurements
demonstrate that Zr doping introduces distinct emission features near 1.8, 2.46, and 3.63 eV. These emission lines, together with a promi-
nent absorption peak centered at 1.78 eV whose intensity increases with Zr content, are identified as originating from the complex between
Zr and nitrogen vacancy, Zra- V. Evidence indicates that the dominant optical absorption and emission pathways involve the neutral charge
state of this complex, (Zra-Vx)°. This finding is highly encouraging, given that (Zrs-Vx)" is considered an ideal candidate for a qubit. Con-
currently, our analysis reveals that Zr incorporation also promotes the formation of deleterious aluminum vacancy (V) and Vaj-complex
related defects, necessitating process optimization to minimize their concentration for practical device realization.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0277907

Aluminum nitride (AIN) is an ultrawide bandgap (Eg ~ 6.1 eV,
direct) semiconductor’ with significant technological importance,
particularly in deep UV (DUV) optoelectronics.l’(’ Its robust
physical properties, notably a high critical breakdown field (~15
MV/cm),” excellent thermal conductivity (~320 Wem™! KTH,
substantial electron mobility,'' and inherent chemical and ther-
mal stability, also position it as a prime candidate material for
high-power and high-temperature electronic devices."”” Beyond
these established applications, AIN doped with zirconium (Zr),
AIN:Zr, has recently garnered attention as a promising platform
for quantum information technologies. This interest stems from
the prediction that Zr readily substitutes onto the Al sublattice
(Zra1), introducing a donor state ~1.4 eV below the conduction band
minimum (CBM).'® Moreover, the neutral defect complex com-
prising (Zr) and an adjacent nitrogen vacancy (V), denoted by
(Zrpa-Vx)’, is theoretically predicted to host unique spin states
suitable for quantum manipulation. Crucially, these quantum states
are expected to exhibit reduced coupling to conduction band states
compared to simpler donors, potentially offering enhanced coher-
ence times similar to the well-known NV~ center in diamond.'® As
(Zra1) and (Zrpy—Vy ) donor levels are sufficiently deep to support
extremely low leakage currents, AIN:Zr also possesses all the neces-
sary properties as an ideal candidate material for photoconductive

semiconductor switches (PCSS) to support high-voltage and high-
power operations.

Inspired by the theoretical prediction, Zr doped AIN films have
been investigated by several groups.”*' To incorporate Zr into
AN, previous Zr doped AIN thin film materials were prepared by
reactive magnetron sputtering and ion implantation.”” *' However,
these materials suffer from inferior crystalline quality as reflected by
the broad full width at half-maximum (FWHM) of x-ray diffraction
(XRD) rocking curves of the AIN (002) planes exceeding 1.4°.19°%
Ion implantation and reactive magnetron sputtering processes tend
to introduce defects and damage to the target material, which can
have adverse effects on the experimental results, limiting the under-
standing of the impact of Zr incorporation in AIN on the optical and
spin properties.

More recently, we reported the synthesis of Zr doped
AIN (AIN:Zr) epilayers by metal organic chemical vapor deposition
(MOCVD).” Secondary ion mass spectrometry (SIMS) characteri-
zation revealed a uniform Zr concentration, whereas x-ray photo-
electron spectroscopy (XPS) studies confirmed that Zr substitutes
on the Al site (Zry}), corroborating with the theoretical prediction.””
For films with a thickness of 1.8 um, XRD characterization results
revealed that AIN:Zr epilayers retain high crystalline quality for
high Zr doping levels.”> We report here on the investigation of the
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FIG. 1. (a) Optical absorption spectra
of representative undoped and Zr-doped
AIN (AIN:Zr) epilayers. (b) Zr concentra-
tion dependence of absorption at 1.78 eV
in AIN:Zr epilayers.
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optical properties of AIN:Zr epilayers via photoluminescence (PL)
and optical absorption spectroscopy. With the guidance provided by
previous theoretical studies,' >’ we aim to identify major impurities
and defects related to Zr doping. We believe that the present results
set the stage for the experimental investigation of spin properties
as well as many other possible applications of the AIN:Zr material
system.

Undoped and Zr doped AIN epilayers are grown using
MOCVD on 2-in. c-plane sapphire substrates. Trimethylalu-
minum (TMA) and ammonia (NH3) were utilized as the Al
and N precursors, respectively, whereas the Zr precursor of
tetrakis(dimethylamino) zirconium [TDMAZr] was supplied to the
reactor using H, as a carrier gas. An AIN buffer layer of 20 nm
was first deposited at 750 °C, followed by the growth of a Zr doped
AIN epilayer of 1.8 um in thickness at 1250 °C. Two different PL
spectroscopy systems were used to characterize the PL properties
of AIN:Zr epilayers. The first system consists of a 20 ns excimer
laser (Aexe = 193 nm, 6.42 eV) operating at a repetition rate of
40 Hz with an average optical power of 4 W and an optical fiber
coupled spectrometer. The second system consists of a frequency-
quadrupled femtosecond (fs) Tiisapphire laser (Aexe = 195 nm,
6.35 eV) operating at 76 MHz with an average optical power of
1 mW and a 1.3 m monochromator in conjunction with a micro-
channel plate photomultiplier tube (MCP-PMT). To account for
the fact that the band edge emission in AIN is with a polarization
of E || ¢, the PL emission was collected at an angle of about 45°
with respect to the c-axis. Optical absorption spectra of undoped
and Zr doped AIN epilayers were measured using an Agilent Cary
5000 UV-Vis-NIR spectrophotometer. SIMS measurements were
performed (by Charles Evans & Associates) to determine Zr dop-
ing concentration, [Zr]. The Zr concentrations were also routinely
measured using the XPS technique (Physical Electronics PHI 5000
Versa Probe II Hybrid), and the measurement results correlate well
with those of SIMS. Before surveying scans of XPS measurements,
the surface was etched with an argon (Ar) ion gun to remove any
dust and surface adsorbents.

Optical absorption spectra for representative undoped AIN
and AIN:Zr epilayers are displayed in Fig. 1(a). In addition to the
sharp band edge absorption peak near 200 nm, Zr doping induces
an optical absorption peak at around 696 nm (1.78 eV) in the
AIN:Zr sample, which indicates that Zr doping has introduced a
new energy level in AIN:Zr, consistent with our previously reported
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results.”” The absorption strength increases continuously with Zr
concentration, as shown in Fig. 1(b), reinforcing that this absorp-
tion line is due to the presence of Zr in AIN. For the sample with a
Zr concentration of [Nz] = 3 x 10* cm ™, determined by SIMS and
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FIG. 2. Room temperature (T = 300 K) PL spectra and XRD (002) rocking curves
for representative (a) undoped AIN and (b) AIN:Zr epilayers, excited by a fs laser
(Aexc = 195 nm) with an average power of 1 mW. The schematic layer structure of
the AIN:Zr epilayer is also shown as the inset in (b). Marked spectral peak positions
are obtained by fitting using Gaussian functions.
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XPS measurements, the measured optical absorption at 1.78 eV is
90%.

Figure 2 compares the room temperature PL emission spectra
of representative (a) undoped AIN and (b) AIN:Zr epilayers excited
by the 1 mW fs laser (Aexc = 195 nm). The undoped AIN epilayer
predominantly exhibits the band edge transition at 5.89 eV. Two
emission bands appearing at about 2.79 and 2.96 eV related to iso-
lated Al vacancy (V) defects™ * are also visible with much lower
emission intensities. The results are indicative of high crystalline
quality and purity of undoped AIN. This is corroborated by the nar-
row FWHM of (002) XRD rocking curve of only 20.5 arc sec shown
in the inset of Fig. 2(a).

In comparison, the band edge emission line is absent, and the
most dominant emission lines in the AIN:Zr epilayer with its layer
structure shown in the inset of Fig. 2(b) are at 3.45 and 3.61 eV. The
incorporation of Zr also reduced the crystalline quality of AIN as
manifested by the increase in the FWHM of the (002) XRD rock-
ing curve to 216 arc sec for AIN:Zr with [Nz] = 1 x 10 cm™.
Notably, the emission line around 3.45 eV was previously reported
for undoped and Si doped AIN epilayers, with its origin ascribed
to the Va-complex recombination centers.”” > In AN, it is well
known that Vj-complexes with —1 to —3 charge states are the prin-
cipal electron traps, and minimizing their presence is critical for
achieving n-type AIN by Si doping.” *’ Comparing the PL results
shown in Figs. 2(a) and 2(b), the incorporation of Zr appears to
significantly enhance the generation of V; related defects due to
Zr-doping induced Fermi level shifting toward the CBM and reduc-
tion in the formation energies of V5 related defects.”” Based on the
XPS measurement results, we indeed noted that AIN:Zr epilayers
contain a slightly higher V/III ratio than undoped AIN epilayers. On
the other hand, the emission line at 3.61 eV has not been previously
observed in AIN epilayers and is presumably introduced by Zr dop-
ing. The FWHMs of the 3.45 and 3.61 eV peaks are 0.85 and 0.72 eV,
respectively. Zr doping also introduced another weak emission line
near 1.8 eV.

The PL spectrum of AIN:Zr excited by the 1 mW fs laser
(Aexc = 195 nm) has also been measured at 10 K, and the results are
shown in Fig. 3. Emission peaks associated with V 5j-complex recom-
bination centers of different charge states are dominant and become
resolvable at low temperatures. The 3.61 eV peak related to the pres-
ence of Zr is blue shifted to 3.74 eV at 10 K. It is interesting to note
that the Zr related emission line at 1.8 eV is red shifted to 1.67 eV
at 10 K, and the observed spectral shift corresponds well with the
longitudinal optical (LO) phonon energy in AIN of ~110 meV.*

Figure 4 compares the room temperature PL emission spectra
of representative (a) undoped AIN and (b) AIN:Zr epilayers under a
4 W excimer laser (Aexc = 193 nm) excitation, showing that undoped
AIN exhibits only a band edge emission line at 5.9 eV and the two
defect emission lines at 2.79 and 2.96 eV seen in Fig. 2(a) are absent.
This is likely due to the effect of impurity concentration saturation
under high power excitation. For AIN:Zr samples under excimer
laser excitation, the Zr-doping induced emission line appears at
3.63 eV and becomes the most dominant, indicating that the con-
centration of Zr related defects is higher than that of V 5j-complexes.
The PL spectrum shown in Fig. 4(b) also reveals a weaker peak at
2.46 eV, which has not been observed previously and is presumably
related to Zr. The band edge transition line near 5.9 eV also becomes
observable under strong excitation by the excimer laser.

pubs.aip.org/aip/apm
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FIG. 3. Low temperature (T = 10 K) PL spectra of AIN:Zr epilayers excited by a
fs laser (\exc = 195 nm) with an average power of 1 mW. Marked spectral peak
positions are obtained by fitting using Gaussian functions.

We noted that the weak 1.8 eV emission line seen in Fig. 2(b) is
absent in Fig. 4(b). Other than the substantial difference in the aver-
age excitation power between the two excitation laser sources, their
pulse widths and repetition rates are also hugely different. Due to the
low repetition rate (40 Hz) as well as the long pulse width (20 ns) of
the excimer laser, emission lines with ultrafast recombination pro-
cesses are more difficult to capture. Comparing the results between
Figs. 2(a) and 2(b) as well as between Figs. 4(a) and 4(b), we can con-
clude that Zr doping strongly influenced the electronic structure of
AIN and introduced distinct emission peaks at 1.8, 2.46, and 3.63 €V,
while the physical origin of the 1.8 eV emission appears different
from those of 2.46 and 3.63 eV, as it is absent under excitation by the
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FIG. 4. Room temperature (T = 300 K) PL spectra of representative (a) undoped
and (b) AIN:Zr epilayers excited by an excimer laser (Aexc = 193 nm) with an aver-
age power of 4 W. Marked spectral peak positions in (b) are obtained by fitting
using Gaussian functions.
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excimer laser with a longer pulse width (20 ns) and slower repetition
rate (40 Hz).

Based on a previous theoretical insight, Zr; donors can assume
+1, 0, and —1 charge states with a predicted energy level of about
1.4 eV below the CBM for the neutral charge state, (Zry)°.'* On
the other hand, the complex between Zr and nitrogen vacancy can
also assume +1, 0, and —1 charge states. When in the neutral charge
state, (Zra-Vx)° complexes are stable in the S = 1 state and from
2.58 to 1.59 eV below the CBM and possess the desired properties
of solid-state qubits.'® Although the —1 charge state of the complex
(Zra-Vn) ™" favors a low-spin S = 1/2 configuration, uninteresting
as a qubit candidate, it can participate in the optical transitions in
AIN:Zr. Therefore, two different groups of optical transition lines in
AIN:Zr are expected. The first group involves transitions between a
band and Zr-related defects, and the second group involves the spin
conserving internal (intradefect) transitions.

The predicted optical absorption between (Zry-Vy)° and the
conduction band occurs at 3.07 eV, described by the process of
(ZrAl—VN)O + hv (3.07 eV) —» (Zra-Vn)*™ + e7.'® However, the
absorption spectrum shown in Fig. 1(a) exhibits no visible peak near
3.07 eV (404 nm). Since the calculated energy level of the —1 charge
state of the complex between Zra; and Vy, (Zra—Vn )l is nearer the
CBM than those of 2.58-1.59 eV for (Zry—Vyx)’,'* we propose that
the dominant optical absorption peak at 1.78 eV observed in Fig. 1 is
due to the optical absorption process described by (Zra;-Vx)™ + hv
(1.78 eV) — (Zra-Vn)® + €. This scenario is plausible if the excita-
tion cross section of (Zry~Vy)~ is larger than that of (Zry—Vy)".
Regarding the spin conserving internal (intradefect) transition in
(Zra-Vx)?, the calculation results predicted an optical absorption
occurring at 2.83 eV (438 nm),'® and an experimental measurement
performed on Zr-implanted AIN yielded a possible absorption line
at 2.6 eV,"” which, however, cannot be resolved by the absorption
spectrum shown in Fig. 1(a).

We now examine the observed optical emission lines under the
above band-to-band excitation. The predicted optical emission line
resulting from the recombination between electrons in the conduc-
tion band and the (Zry—Vn) complex centers occurs at 2.11 eV, !
which is reasonably close to the observed emission line near 2.46 eV
seen in Fig. 4(b). With this understanding, we assign the observed
emission line at 2.46 eV to the optical process of (Zra—-Vn)" + e~
— (Zra-Vx)® + hv (2.46 eV). Conversely, the recombination pro-
cess between (erAl—VN)0 and holes in the valence band described
by (Zra—Vn)® + h* = (Zra-Vn)™ + hv (6.1-2.46 V) is equally
likely to occur, from which the emission peak energy is expected to
be 6.1-2.46 eV = 3.64 eV, which agrees with the observed value of

pubs.aip.org/aip/apm

3.63 eV in Fig. 4(b) [and 3.61 eV in Fig. 2(b)]. In fact, the 3.63 eV
emission line is the most dominant in AIN:Zr, implying that the con-
centration of (Zra;—Vy)® is the highest among all defects present in
AIN:Zr.

We attribute the 1.8 eV emission line observed in Fig. 2(b) to
a spin-conserving internal transition within the (Zry—Vx)" defect
in AIN. This assignment is supported by several key pieces of evi-
dence. First, calculations previously predicted an emission line at
1.91 eV for this specific transition,'® which is in reasonable agree-
ment with the observed 1.8 eV. Second, the 1.8 eV emission is
exclusively observed under fs laser excitation (76 MHz repetition
rate, | mW power) and not with high-power excimer laser excita-
tion (20 ns pulse width, 4 W, 40 Hz repetition rate). This suggests a
distinct physical mechanism compared to typical band-to-impurity
emissions. Third, the strong coupling of this 1.8 eV peak with
phonons is characteristic of quantum defects. At 10 K, the peak
position exhibits a red shift by an amount equal to the longitudi-
nal optical (LO) phonon energy in AIN, as shown in Fig. 3. Finally,
the spin-conserving internal transition was observed at 1.7 eV in
ion-implanted AIN:Zr materials.”” While these materials exhibit
significantly poorer crystalline quality (indicated by a FWHM of
the (002) XRD rocking curve exceeding 1.5°), the presence of a
similar transition further strengthens the assignment. Nevertheless,
the exact mechanism of this emission line warrants further inves-
tigation. Techniques including time-resolved PL and correlation
function measurements could add valuable insights.

Table I summarizes the PL peak positions and corresponding
FWHM values observed in AIN:Zr at 300 K. Under excitation by
the 195 nm fs laser, the 300 K PL spectrum exhibits three promi-
nent emission peaks at 1.8, 3.45, and 3.61 eV with the corresponding
linewidths of 0.44, 0.85, and 0.72 eV, respectively. Under excita-
tion by the 193 nm ns excimer laser excitation, the 300 K spectrum
resolved peaks at 2.46, 3.18, 3.45, 3.63, and 5.90 eV.

The emission line observed at 3.45 eV has been identified as due
to the recombination between the electrons in the conduction band
and (V; -complex)’, described by the process of (V4 -complex)°
+ e — (Va -complex)™ + hv (3.45 eV).”” The weak emission peak
at 2.79 eV observed in undoped AIN has also been previously iden-
tified and is due to the recombination between isolated Al vacancies
and holes in the valence band described by (V4 Y32 +ht > (Var )2
+hv (2.79 eV).”?

Based on the PL results as well as the optical absorption
data and prior calculation and experimental results,'™'**’ we have
constructed a plausible energy diagram illustrating the optical
absorption and emission processes involving Zr,; related defects in
AIN:Zr. Figure 5(a) illustrates the optical absorption processes, while

TABLE I. Summary of PL peak positions and the corresponding FWHM observed in AIN:Zr measured under excitation by a
fs laser (Aexc = 195 nm) and by a ns excimer laser (Aexc = 193 nm).

Aexc = 195 nm (fs pulse)

Aexc = 193 nm (ns pulse)

300 K

10K 300 K

PL peak position (eV) 1.8
FWHM (eV)

345 361 1.67 3.10 339 3.74 246 3.18 3.45 3.63 590
044 0.85 0.72 031 045 039 048 0.53 0.60 0.87 055 0.47
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ments obtained from Zr-implanted AIN'®
are marked in green.

Fig. 5(b) depicts the emission processes involving the (Zry—Vy)
complexes. In Fig. 5, the optical transition lines observed in
MOCVD grown AIN:Zr epilayers shown in Figs. 1, 2, and 4 are
marked in black, theoretical predictions'® are marked in red, and
measurements obtained from Zr-implanted AIN'® are marked in
green. We would like to indicate that the observed energy levels for
the same Zr-defect complex in the optical absorption and emission
processes may not necessarily be the same because lattice relaxation
or Stoke’s shift is involved.'**’

In Fig. 5, allowed charge states of these defect complexes
are indicated on the right side of the figure, whereas the charge
states involved in the observed optical processes are shown on the
left side of the transition lines. Possible spin conserving internal
(intradefect) transitions in (ZrAl—VN)0 are illustrated in enclosed
red rectangles on the left. Emission lines related to (V1) and (V) -
complex) observed in undoped AIN and AIN:Zr are also included.
Our results indicate that the most dominant optical absorption and

emission processes in AIN:Zr involve (Zra—Vx ), which is highly

L‘b (a) (b) &T

(Zry) (Zry-Vy)

(Zry -Va)

encouraging because (Zry—Vy)" is predicted to be an ideal can-
didate of qubit. Understanding its related defect levels and corre-
sponding energy transitions is critical for tailoring the properties of
(Zra1) defects and defect complexes in AIN for potential application
as single-spin centers and solid-state qubits.

On the other hand, the presence of these defect complexes
affects the structure, optical, and electrical properties of AIN.
Figure 6 illustrates possible effects of Zr doping on the microscopic
structures of AIN: (a) Zr substitutes onto the Al site (large solid
green circles), forming a simple donor. This simple donor has an
energy level around 1.4 eV,'® although it is not clearly resolved in
the optical absorption spectrum shown in Fig. 1(a). (b) Due to a
much larger atomic size of Zr than Al, Zr doping can cause one
of the nearest neighbors of Zry; to be missing and a (Zra—-Vn)
defect complex to be generated. The observed PL spectra shown in
Figs. 2 and 4 indicate that (Zra—Vx ) complexes are easily incorpo-
rated and are the dominant impurities exhibiting emission peaks at
3.63 and 2.46 eV. (c) In AIN:Zr, when Zr atoms substitute onto the
Al sites, the Fermi level tends to shift toward the CBM, reducing the

FIG. 6. lllustration of possible atomic
@ Al configurations of AIN:Zr, including impu-
rities, vacancies, and complexes: (a) Zr
o substituting on an Al site to form a donor,
(b) Zr substitution accompanied with a
generation of a neighboring Vy, and
(c) Zr substitution accompanied with a
(©) generation of V. The view is along the
(0001) crystallographic plane.
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formation energies of V o; and its complexes and thereby generating
more (V) defect complexes, which is confirmed by the observation
of the much-enhanced emission intensity at 3.45 eV associated with
the (Va1 -complex). The presence of defect complexes could influ-
ence local strain, charge compensation, and defect-related optical
transitions. Analogous to the successful control of n-type con-
ductivity in Si-doped AIN, the concentration of Vj-complexes in
AIN:Zr materials can be minimized by optimizing growth condi-
tions, including the use of a low V/III ratio, a pulsed growth scheme,
and a low growth rate.” *’ Our results indicate that the formation
of (Zra—Vn) complexes is a dominant process in the growth of
AIN:Zr, which makes AIN:Zr epitaxial materials highly promising
for applications in quantum technologies.

In addition, the deep level nature of Zr,, simple donors and
(Zra1—-Vn) complexes (~1.4 and ~1.8 eV, respectively), together
with AIN’s high critical field, makes a strong case for utilizing AIN:Zr
as a material for extrinsic photoconductive semiconductor switches
(PCSS). The energy levels of Zry and (Zra—Vn) are sufficiently
deep to facilitate an extremely low leakage current. A significant
advantage of extrinsic PCSS over intrinsic PCSS is their capac-
ity to support a large optical absorption length. This characteristic
allows for the conduction throughout the bulk of the devices, thereby
enabling high-voltage and high-power operation. While research on
AIN:Zr epilayers is in a very early stage, understanding the optical
properties of these impurities and defect complexes is critical for
potential applications.

In summary, AIN:Zr epitaxial layers have been synthesized
by MOCVD, and their optical properties have been investigated
using absorption and PL spectroscopy. Distinct optical transitions,
not present in undoped AIN, were identified in the AIN:Zr lay-
ers. These experimental results, together with calculations, allowed
the construction of an energy level diagram for optical processes
involving Zr-related complexes, confirming that Zr doping strongly
modifies AIN’s optical behavior. The impact of Zr doping con-
trasts sharply with that of Si doping. While Si introduces shal-
low (Sia) donors for n-type conductivity, often compromised by
ionization effects impacting compensation and mobility, Zr pri-
marily forms deep-level, optically active neutral defects of (Zry;)°
and (Zry—Vy)°. Their neutrality preserves carrier mobility, mak-
ing Zr doping advantageous for applications leveraging these spe-
cific defect properties, such as quantum information, piezoelec-
tric devices, and photoconductive switches. A remaining challenge,
however, is that Zr doping also appears to promote the formation
of undesirable V-related centers. Suppression of these detrimen-
tal defects during synthesis is crucial for optimizing AIN:Zr device
performance.
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