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ABSTRACT
The neutral defect complex comprising zirconium substituting onto the Al sublattice ðZrAl) and an adjacent nitrogen vacancy ðVNÞ, 
ðZrAl−VN)0, in aluminum nitride (AlN) crystals is theoretically predicted to host unique spin states suitable for quantum manipulation. 
Here, we report experimental observations of both intradefect and band-to-impurity optical transitions involving ðZrAl − VNÞ

0 in AlN. 
This defect was realized via in situ doping of Zr into AlN homoepitaxial layers grown by metalorganic chemical vapor deposition. Below- 
bandgap excitation at kexc¼ 260 nm resolved emission peaks at 1.89, 2.11, and 3.52 eV, in excellent agreement with those predicted by 
first-principles calculations for the intradefect and band-to-impurity type of transitions involving ðZrAl − VNÞ

0, providing experimental 
validation of the defect’s electronic structure. Temperature-dependent PL further demonstrates that the ðZrAl − VNÞ

0 state maintains a 
stable optical emission up to room temperature, with a high thermal activation energy of 48 meV, indicative of thermal robustness against 
nonradiative quenching. While further spin-based measurements are needed to assess coherence and manipulation limits, experimental and 
theoretical findings validate Zr-doped AlN as a promising platform for the realization of room-temperature quantum defect devices, includ
ing solid-state qubits and integrated quantum photonic technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0354170

AlN has emerged as a highly promising crystalline host for solid- 
state quantum defects1 due to its exceptional combination of electri
cal, optical, and material properties, including an ultra-wide bandgap 
(UWBG) of about 6.1 eV,2 relatively weak spin–orbit coupling,3 avail
ability of high crystalline quality bulk crystals for homoepitaxial 
growth,4–7 excellent thermal conductivity,8,9 strong piezoelectric 
response,10 and compatibility with established III-nitride optoelec
tronic device technologies.11–15 Collectively, these characteristics 
make AlN an attractive platform for hosting optically addressable 
quantum defects capable of operating under ambient conditions while 
remaining compatible with scalable semiconductor device fabrication.

Several defects in AlN have been investigated as potential solid- 
state qubits1,16–18 and transition metal impurities have been found to 
offer considerable potential, since they can introduce highly localized 
electronic defect states within the wide bandgap that are sufficiently 
stable and have modest formation energies.1 Theoretical1 and experi
mental studies16–20 have identified zirconium (Zr) as a favorable tran
sition metal dopant that preferentially substitutes on the Al lattice site 
ðZrAl) and acts as a deep donor impurity that may be of a simple 
defect state or form complex defects within AlN. Of particular interest 
is the neutral Zr–N vacancy complex, ðZrAl − VNÞ

0, which is pre
dicted to support localized quantum states that are energetically 

decoupled from delocalized conduction band states.1 Such electronic 
isolation is expected to minimize interactions with the host lattice, 
thereby suppressing decoherence pathways and enabling long-lived 
quantum states, making the ðZrAl − VNÞ

0 defect particularly 
attractive.

However, experimental validation of calculated optical transition 
energies and definitive identification of the associated defect states 
remains challenging. Previous studies relied on ion implantation for 
Zr incorporation,18,19 or in situ doping during heteroepitaxial growth 
on sapphire substrate for obtaining Zr-doped AlN (AlN:Zr) thin 
films.19,20 Although these approaches successfully introduce Zr into 
the AlN lattice, they can also generate significant concentrations of 
structural defects, impurities, and strain-induced disorders arising 
from implantation damage or lattice mismatch. This extrinsic defect 
population produces competing optical emissions and broadened 
spectroscopic features, which obscures the comparative signatures 
associated with Zr-related quantum defect states. As a result, direct 
experimental observation and unambiguous assignment of the theoreti
cally predicted optical transitions associated with the ðZrAl − VNÞ

0 

defect center remained elusive.
In this work, we present an experimental investigation on 

Zr-doped homoepitaxial AlN films grown via metalorganic chemical 
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vapor deposition (MOCVD), with the aim to identify the optical tran
sitions associated with Zr-related defects. The enhanced crystalline 
quality of AlN:Zr films afforded by homoepitaxial growth provides an 
ideal platform for probing the intrinsic Zr-related optical transitions 
while minimizing interference from extrinsic defects and strain- 
induced disorders. Photoluminescence (PL) spectroscopy was 
employed to probe defect-mediated optical processes under both 
above- and below-bandgap excitation conditions. The measured 
emission features are directly compared to a reference undoped sam
ple and interpreted in conjunction with first-principles calculations 
for Zr-related defect optical transitions. Temperature dependent PL 
spectroscopy was also performed to evaluate the thermal stability and 
activation behavior of the Zr-related emissions.

Undoped and Zr-doped AlN epilayers were grown by MOCVD 
on 2-in. diameter AlN bulk substrates grown by physical vapor trans
port (PVT) (by Crystal IS). Trimethylaluminum (TMA) and ammo
nia (NH3) were utilized as the Al and N precursors, respectively. In 
situ Zr doping was achieved using tetrakis (dimethylamino) zirco
nium fTDMAZr, Zr[N(CH3)2]4g as a Zr precursor using hydrogen as 
the carrier gas. The undoped and Zr-doped epilayers used in this 
study had thicknesses of approximately 10 lm as determined by pro
filometry. Secondary ion mass spectrometry (SIMS) depth profiling 
was utilized to quantify dopant concentration and compositional uni
formity. Structural quality was evaluated using high-resolution x-ray 
diffraction (HR-XRD) through rocking curve (x-scan) measurements 
of the AlN (002) diffraction peak. For PL characterization, a femtosec
ond (fs) Ti:Sapphire laser operating at 76 MHz was utilized as a laser 
excitation source. The 780 nm (1.59 eV) laser output was frequency- 

quadrupled to achieve a laser output at kexc¼ 195 nm (6.35 eV) with 
an average optical power of 1 mW to provide an above-bandgap exci
tation, whereas the frequency-tripled laser output (kexc¼ 260 nm, 
4.77 eV) with an average power output of 5 mW was utilized for a 
below-bandgap excitation. The PL detection system consisted of a 
1.3 m monochromator coupled to a micro-channel plate photomulti
plier tube (MCP-PMT), covering a spectral range of 200–800 nm. 
Temperature-dependent measurements were conducted between 10 
and 300 K in a closed-cycle helium cryostat.

Figure 1(a) shows the SIMS depth profile analysis of the 
Zr-doped AlN (AlN:Zr) homoepitaxial sample, revealing a homoge
nous Zr concentration of 3.3� 1019 cm−3 within the AlN matrix. The 
crystalline quality of AlN undoped and Zr-doped AlN epilayers was 
evaluated using HR-XRD x-rocking scans of the AlN (002) diffrac
tion peak. As shown in Fig. 1(b), both samples exhibit sharp and sym
metric diffraction peaks. The undoped reference sample exhibits a full 
width at half maximum (FWHM) of 22 arc sec, representative of the 
exceptional crystalline quality attainable in homoepitaxial AlN. A sig
nificant challenge for obtaining high-quality AlN:Zr epilayers is to 
manage the atomic size difference between Zr and Al, which introdu
ces a substantial lattice mismatch between the AlN:Zr epilayer and the 
AlN bulk substrate. Our recent work has shown that by inserting a 
graded doping transition layer between the top AlN:Zr active layer 
and the AlN bulk substrate, strain accumulation at the AlN:Zr/AlN 
interface and within the AlN:Zr epilayer can be effectively sup
pressed.21 By adopting this graded doping transition layer strategy, 
the rocking curve of the resultant AlN:Zr epilayer broadens only 
modestly to 74 arc sec. Although this increase indicates the 

FIG. 1. (a) Zr concentration in a Zr-doped AlN (AlN:Zr) homo-epilayer grown by MOCVD measured using SIMS. The schematic layer structure is shown in the inset. (b) 
XRD (002) rocking curve (x-scan) of a Zr-doped AlN (AlN:Zr) homo-epilayer. The comparison XRD (002) rocking curve of a reference undoped AlN homo-epilayer sample 
is shown in the inset.
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introduction of additional crystalline disorder upon Zr incorporation, 
the narrow linewidth confirms that the overall structural quality of 
AlN:Zr epilayer remains excellent.

It is worth noting that the structural quality achieved in the pre
sent work represents a substantial improvement over previously 
reported Zr-doped AlN films that have grown under less favorable 
conditions. In an earlier study of heteroepitaxial AlN:Zr grown on 
sapphire substrates, the AlN (002) rocking curve exhibited an FWHM 
of 216 arc sec19 at a comparable Zr concentration, reflecting the addi
tional crystalline imperfections associated with lattice mismatch and 
heteroepitaxial strain. Even larger degradation has been reported for 
Zr incorporation by ion implantation, where rocking curve widths of 
approximately 1.4� have been observed,17 indicative of extensive 
implantation-induced lattice damage. The significantly narrower 
XRD rocking curve obtained for the homoepitaxial MOCVD grown 
AlN:Zr films demonstrates that in situ doping during homoepitaxial 
growth in conjunction with the graded doping transition layer 
approach provides an effective route for incorporating Zr while pre
serving crystalline quality. The combination of a homogeneous Zr dis
tribution and excellent crystalline quality makes detailed optical 
investigations possible. Reduced structural disorder minimizes com
peting defect-related luminescence and inhomogeneous broadening, 
thereby enabling more reliable identification of optical transitions 
originating from the predicted ðZrAl − VNÞ

0 quantum defect 
complex.

Figure 2 presents the low-temperature (10 K) photolumines
cence (PL) spectra of the undoped AlN and AlN:Zr homoepitaxial 
samples under above-bandgap excitation (kexc¼ 195 nm). A sche
matic illustration of the PL measurement configuration is shown in 
Fig. 2(a). The PL spectrum of the undoped AlN reference sample, 
shown in the bottom panel of Fig. 2(b), is dominated by a sharp band 

edge emission centered at 5.96 eV. The narrow linewidth and strong 
intensity of this feature indicate efficient excitonic recombination and 
confirm the excellent optical quality of the undoped AlN reference 
homoepitaxial film. Emissions from deep-level defects are observable 
but very weak, suggesting a relatively low concentration of optically 
active native defects within the undoped material. In contrast, as 
shown in the top panel of Fig. 2, the band edge emission is strongly 
quenched following Zr incorporation, while a broad deep-level emis
sion band centered near 3.9 eV becomes the dominant spectral feature 
in the AlN:Zr sample. The introduction of Zr evidently modifies the 
recombination dynamics within the AlN host since photo-generated 
carriers are efficiently captured by defect-related states before radia
tive band edge recombination occurs. The broad band has been previ
ously attributed to the recombination of electrons from the 
conduction band (or a shallow donor level) with holes trapped at 
deep-level acceptor states composed of aluminum vacancy (VAl)-oxygen 
(ON) complexes.22–25 This band routinely shifts from 3.4 to 4 eV due to 
the coexistence of varying oxygen complex configurations with varying 
charge states, such as (VAl-2ON)0/1−/2− and (VAl-ON)0/1−/2−.22–24 

Furthermore, these defect complexes are known to stabilize in two 
structural configurations, namely a p-bond configuration parallel to the 
c axis and a r-bond configuration along the three equivalent basal plane 
bonds.25–28 Because this native defect recombination dominates the 
spectrum under above-bandgap excitation, the localized intradefect 
transitions of the dopant cannot be resolved under above-bandgap 
excitation.

PL studies were carried out under below-bandgap excitation 
(kexc¼ 260 nm) to suppress dominant native defect transitions 
observed in the above-bandgap excitation scheme. The resulting PL 
spectra measured at 10 K are presented in Fig. 3 for both the 
Zr-doped and undoped AlN homoepitaxial samples. Both samples 
display a distinct emission peak at 2.64 eV, allowing us to definitively 
exclude its origin as being Zr related. In fact, this emission line has 
been frequently observed in AlN and has been typically associated 
with isolated V2−=3−

Al defect.24 Similarly, a peak at 3.64 eV is observed 
in the undoped AlN sample, which can be attributed to sharing a 
common origin with the ðVAl − ONÞ defect complexes responsible for 
the broad deep-level luminescence observed under above-bandgap 
excitation in the doped sample. Under below-bandgap excitation, 
only a subset of these defect states is efficiently excited, resulting in a 
considerably narrower emission feature compared with the broad 
3.9 eV band shown in Fig. 2.

In contrast, the AlN:Zr sample displays three distinct optical sig
natures at 1.89, 2.11, and 3.52 eV that are absent in the undoped refer
ence AlN sample. The exclusive appearance of these transitions 
following Zr incorporation provides compelling experimental evi
dence that their origins are due to Zr-induced defect states rather 
than native point defects in the AlN host. Furthermore, the relatively 
narrow linewidths of the 1.89 and 2.11 eV peaks indicate that they 
arise from discrete, localized electronic states rather than broad defect 
bands. As summarized in Table I, these measured transition energy 
lines exhibit remarkable alignment with first-principles calculations 
for the Zr-related quantum defects in AlN. The emission observed at 
1.89 eV agrees well with the predicted 1.91 eV optical transition asso
ciated with ðZrAl − VNÞ

0. The theoretical model suggests that this 
transition represents an intradefect spin-conserving excitation (S ! S) 
where both the initial and final electronic states remain localized 

FIG. 2. (a) Schematic experimental setup for PL spectroscopy measurements. (b) 
Low temperature (T¼ 10 K) PL emission spectra of undoped AlN (bottom panel) 
and AlN:Zr (top panel) homo-epilayers obtained under above-bandgap excitation 
(kexc¼ 195 nm).
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within the defect while preserving the total spin multiplicity.1 Such 
spin-conserving optical transitions are particularly interesting because 
they form the basis for spin-selective optical initialization and readout 
schemes employed in many solid-state quantum defect platforms.

The experimentally observed 3.52 eV emission coincides with 
the calculated intradefect transition energy associated with V−1

N /V−2
N 

defect. Despite sharing spin-conserving dynamics with the 1.89 eV 
peak, the V−1

N =V−2
N defect was identified to have a low energy poten

tial difference between its high and low spin states and very close 
proximity to the CBM.1 This limits its utility in quantum applications 
due to possible sensitivity to spin flips during potential quantum 
applications or decoherence due to coupling with bulk conduction 

band states.1 The peak at 3.52 eV appears broader than other peaks 
observed in the spectrum, which suggests that it may consist of multi
ple transitions, one of which may be the 3.64 eV peak observed in the 
undoped sample. Despite its broad nature, the 3.52 eV peak can be 
confidently assigned to V−1=−2

N defect transition, supported by its clear 
redshift relative to the 3.64 eV peak and excellent agreement with the 
predicted value, providing further support for the theoretical descrip
tion of the defect-related electronic structure.1 The remaining emis
sion line observed at 2.11 eV in Fig. 3 corresponds to a band-to- 
impurity transition, where a conduction electron recombines with 
ðZrAl − VNÞ

þ after an electron bound to the ðZrAl − VNÞ
0 complex 

being promoted directly to the conduction band minimum (CBM) 
with a required optical ionization threshold of 3.07 eV.1 The first- 
principles calculations further identify this process as a spin-majority 
transition (S ! S − 1/2), where electron emission into the conduction 
band changes the total spin of the defect by one-half. Consequently, 
the observation of this transition directly confirms the energetic posi
tion of the defect level relative to the host conduction band and indi
rectly provides valuable experimental support regarding the predicted 
spin-resolved electronic structure of the Zr-related quantum defect.

It is worth noting that the predicted spin-minority excitation of 
the ðZrAl − VNÞ

0 complex with an optical emission at 3.78 eV was 
not observed in the spectrum shown in Fig. 3(b). This is because this 
transition has an optical ionization threshold of 4.97 eV,1 which 
exceeds the 4.77 eV photon energy provided by the 260 nm excitation 
source. Although not all theoretically predicted transitions are experi
mentally resolved, the quantitative agreement between the measured 
and calculated transition energies, together with the absence of these 
emissions in the undoped reference sample, provides compelling 
experimental validation of the predicted Zr-related defect states.

The temperature evolution of the PL emission spectra under 
260 nm excitation is presented in Fig. 4. The spectra were acquired 
over the temperature range of 10–300 K to investigate the thermal sta
bility of the optical transitions associated with the Zr-related defect 
complexes. No significant shift in the emission energies is observed as 
the temperature increases, indicating that the optical transitions origi
nate from stable defect configurations rather than thermally activated 
structural transformations or charge-state conversions. The emission 
centered at 3.52 eV attributed to the spin-conserving intradefect tran
sition, V−1=−2

N , decreases rapidly and becomes difficult to resolve above 
approximately 150 K. This rapid thermal quenching indicates that the 
excited state associated with the isolated V−1=−2

N readily couples to ther
mally activated nonradiative recombination pathways, limiting its opti
cal stability at elevated temperatures. Meanwhile, the signatures at 1.89 
and 2.11 eV associated with the ðZrAl − VNÞ

0 complex remain 

TABLE I. Comparison between calculated and experimentally measured optical emission energies associated with the spin-conserving excitations involving ðZrAl − VNÞ
defect complex and V−1

N defect in Zr-doped AlN. The competing channel that ionizes the ð ZrAl − VNÞ
0 defect center to the conduction band is also included. Dq represents 

the defect center D at a charge state q. All values are in eV. 

Dq þ �hx ! Dq Spin-conserving  
excitation: S! S (Emission)

Dq þ �hx ! Dqþ1 þ e−jCBM Spin-majority  
excitation: S! S-1/2 (Emission)

Calculated (Ref. 1) Observed (This work) Calculated (Ref. 1) Observed (This work)

ðZrAl − VNÞ
0 (eV) 1.91 1.89 2.11 2.11

V−
N and V−2

N (eV) 3.52 3.52

FIG. 3. Low-temperature (10 K) PL spectra of undoped AlN and AlN:Zr homo- 
epilayers obtained under below-bandgap excitation (kexc¼ 260 nm), highlighting 
the distinct Zr-induced states.
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observable throughout the investigated temperature range. Although 
gradual thermal quenching is evident, both the 1.89 and 2.11 eV transi
tions retain substantial emission intensity, demonstrating greater ther
mal robustness than the isolated V−1=−2

N . The persistence of these 
optical signatures suggests that the electronic states associated with the 
Zr-related defect complex are comparatively well isolated from ther
mally activated nonradiative recombination channels.

To quantitatively evaluate the thermal stability of the observed 
transitions, the integrated PL intensities of the 1.89 and 2.11 eV emis
sion peaks were extracted as functions of temperature and analyzed 
using a single-activation-energy Arrhenius model, 

I Tð Þ ¼
I0

1þ A exp −Ea=kBTð Þ
; (1) 

where I0 is the low-temperature emission intensity, A is a fitting con
stant, kB is Boltzmann’s constant, and Ea represents the thermal acti
vation energy associated with the dominant nonradiative quenching 
mechanism. The corresponding Arrhenius fits are presented in Figs. 
4(b1) and 4(b2). Excellent agreement between the experimental data 
and the fitted curves is obtained over the full temperature range, indi
cating that the thermal quenching behavior of both transitions is well 
described by a single dominant activation process. The extracted acti
vation energies for the 1.89 eV intradefect transition and the 2.11 eV 
band-to-impurity transition were determined to be 48 and 39 meV, 
respectively. The slightly lower activation energy for the band-to- 
impurity transition is consistent with its stronger interaction with 
extended conduction band states, making it somewhat susceptible to 

thermally activated carrier escape and nonradiative relaxation. In 
comparison, the larger activation energy associated with the intrade
fect transition indicates that greater thermal energy is required to acti
vate competing nonradiative recombination pathways. The 
persistence of the intradefect optical transitions up to room tempera
ture, together with its relatively large activation energy, provides 
strong evidence that the defect retains stable radiative recombination 
under ambient conditions. This behavior is consistent with the theo
retically predicted localization of the defect electronic states within 
the AlN bandgap and suggests that the defect remains largely 
decoupled from dominant nonradiative recombination channels. 
Although additional spin-based measurements will ultimately be 
required to evaluate quantum coherence and spin-manipulation capa
bilities, the demonstrated room-temperature optical emission stability 
satisfies a foundational benchmark for the development of Zr-related 
quantum defects in AlN for solid-state qubits and integrated quantum 
photonic applications. Additionally, Zr doping in AlN inherently 
drives the formation of nitrogen vacancies for charge compensation. 
Because the formation of ðZrAl − VNÞ

0 defects requires nitrogen 
vacancies adjacent to Zr donors, thermal annealing could boost their 
formation and associated optical signatures, a possibility that warrants 
further investigation.

In summary, we have synthesized high-quality undoped and 
Zr-doped AlN epilayers via homoepitaxial growth by MOCVD. 
Chemical composition and crystalline quality measurements con
firmed incorporation of Zr into the intentionally doped AlN sample 
with minimum degradations in crystalline and optical qualities. PL 

FIG. 4. (a) Temperature-dependent PL spectra (10–300 K) of AlN:Zr homo-epilayer under 260 nm excitation. (b) The corresponding Arrhenius plots of Eq. (1) for the emis
sion intensities of (b1) the 1.89 eV emission and (b2) the 2.11 eV emission.
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emission spectra under below-bandgap excitation resolved distinct 
emissions that were not present in the undoped AlN reference sample 
and which closely match the predicted electronic signature of the neu
tral ðZrAl − VNÞ

0 defects. The thermal stability of the ðZrAl − VNÞ
0 

emission lines up to room temperature indicates that the defect states 
are well isolated and exhibit reduced susceptibility to thermally acti
vated nonradiative recombination. These results provide important 
experimental validation of the predicted properties of Zr-related 
defects in AlN and establish homoepitaxial AlN as an ideal crystalline 
host capable of accommodating deep, decoupled quantum defect 
states.
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