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ABSTRACT

Zirconium (Zr) is predicted and experimentally confirmed to substitute on the Al site (Zr,)), where it acts as a deep donor approximately
1.5eV below the conduction band minimum in aluminum nitride (AIN). Furthermore, the neutral zirconium-nitrogen vacancy complex,
(Zrn=Vy)°, has been predicted to be an attractive candidate for room-temperature qubits. In this work, Zr-doped AIN epilayers were syn-
thesized on AIN bulk substrates via metal-organic chemical vapor deposition. Structural and morphological characterizations confirmed
excellent crystalline orientation and sub-nanometer surface roughness. While photoluminescence spectra were dominated by vacancy-
impurity complexes, photocurrent excitation spectroscopy effectively mapped Zr-related states. Specifically, an isolated donor level was
resolved at 1.5 eV alongside (Zr-Vy)”'~ complex configurations near 2 and 3 eV. Each complex exhibits a distinct 0.2 eV doublet splitting
driven by n-bonding and ¢-bonding configurations within the wurtzite lattice. These findings provide experimental confirmation of the
deep-level electronic properties of Zr in AIN, establishing a framework for the development of extrinsic photoconductive semiconductor

switches and room-temperature qubit applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0347982

Ultrawide-bandgap (UWBG) AIN semiconductor is indispens-
able in the development of next-generation deep UV optoelectron-
ics,' ® high-power electronics,” ' and quantum information
technologies.'” "> This potential stems from its direct UWBG of
6.1eV,"'* high thermal conductivity (320 W/mK),"” " large electron
mobility (i, >400cm*/Vs),”” and the largest critical electric field
among all semiconductors (15 MV/cm).”'

Transition metals, specifically zirconium (Zr), are predicted”
and experimentally verified”” to substitute on the Al site (Zr,;) and
act as deep donors located approximately 1.4 eV below the conduc-
tion band minimum (CBM)."” Furthermore, the neutral zirconium-
nitrogen vacancy complex, (Zra-Vy)°, has been predicted to support
localized quantum states that decouple from delocalized conduction
band states, making Zr-doped AIN (AIN:Zr) an attractive candidate
for applications in room-temperature qubits."” Other than the poten-
tial applications of AIN:Zr for qubits, AIN:Zr appears to be a compel-
ling platform for the development of optically triggered high-power/
high voltage switch devices, such as extrinsic photoconductive semi-
conductor switches (PCSSs), which bypass the doping challenges for
realizing AIN p-n junction electronic switching devices. However, the
ability of introducing deep-level Zr dopants into AIN is crucial for
extrinsic PCSS operation, as such an approach would yield an
extremely low leakage current in the off-state (dark state) while

simultaneously enabling high current/power operation using sub-
bandgap optical triggering in the on-state via compact and mature
laser diodes.

Despite these promising prospects, experimental mapping of Zr-
related impurity energy levels in AIN has remained elusive.
Photoluminescence (PL) spectroscopy often fails to deterministically
resolve these states due to dominant transitions related to other native
defects in AIN:Zr.'*">* In this work, we employ photocurrent excita-
tion spectroscopy (PES) to overcome these limitations. Because PES
selectively records free carrier generation via band-to-band or impu-
rity-to-band transitions, it effectively precludes donor-acceptor pair
and pure intra-defect transitions. Pertaining to Zr-related impurity
states, a previous theoretical study'” has predicted the following: (1)
The isolated Zr; donor level is about 1.4 eV below the CBM with this
line expected to be observable in PES; (2) The optical energies
required to excite an electron bound to (ZrAl—VN)0 to the CBM are
near 4.97 and 3.07 eV with corresponding emission energies near 3.78
and 2.11 eV for the spin-minority excitation and spin-majority excita-
tion, respectively, which are also expected to be observable in PES; (3)
The excitation energy of the intra-defect transition involving
(Zra-Vy)° is near 2.83eV with a corresponding emission energy
near 1.91eV, and this line is not expected to be observable in PES
since it originates from the internal (or intra-defect) transition within
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(Zra1-Vy)°. Previous experimental results related to Zr levels in AIN
include: (1) A broad optical absorption peak near 1.78 eV was attrib-
uted to optical excitation of an electron bound to a negatively charged
complex of (ZrAl—VN)_1 to the CBM;*’ (2) A PL emission peak
near 2.46eV was attributed to the recombination of a conduction
electron with a (Zry-Vy) complex, described by the process of
e+ (Zra-Vn)" — (Zra-Vn)° 4 hv (246 eV),” compared to a pre-
dicted value of 2.11eV;"’ (3) PL emission spectroscopy studies also
observed possible intra-defect transition within (Zry-Vy)° near
1.7¢eV (Ref. 14) and 1.8 eV (Ref. 23) compared to a predicted value of
1.91eV,"” which is not expected to be observable in PES. Emission
and absorption energies typically differ due to the lattice relaxation
associated with these defect-impurity complexes.

Undoped AIN and AIN:Zr epilayers were grown via metal-
organic chemical vapor deposition (MOCVD) on c-plane bulk AIN
substrates. Trimethylaluminum (TMA) and ammonia (NH3) served
as the Al and N precursors, respectively. Tetrakis(dimethylamino) zir-
conium (TDMAZr) was supplied to the reactor as the Zr precursor
using H, as the carrier gas. Growth was initiated by directly deposit-
ing a 10 um thick undoped AIN or AIN:Zr epilayer on the substrate at
a growth temperature of 1250 °C. Schematic layer structures of the
undoped AIN and AIN:Zr epilayers are illustrated in the insets of
Fig. 1(a).

Surface morphology and crystalline quality were evaluated using
atomic force microscopy (AFM) and x-ray diffraction (XRD) rocking
curves. The XRD (002) rocking curves [Fig. 1(a)] exhibit well-defined,
sharp symmetric peaks for both samples, confirming highly aligned
c-axis epitaxial growth. The full-width at half-maximum (FWHM) of
the AIN:Zr sample is 70arcsec compared to 20arcsec for the
undoped reference. This moderate broadening is expected, arising
from local lattice perturbations introduced by the atomic size
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discrepancy of intentional Zr incorporation. As shown in Fig. 1(b),
the AIN:Zr epilayer maintains a highly smooth surface with a root
mean square (RMS) roughness of 0.25nm, which is comparable to
the 0.18 nm measured for the undoped AIN reference. This sub-
nanometer roughness confirms that intentional Zr incorporation at
levels up to 3.3 x 10" cm™ does not degrade the surface morphol-
ogy, preserving conformability with photolithography and contact
metallization processing. Figure 1(c) plots Zr and O concentrations in
AIN:Zr epilayer probed by secondary ion mass spectrometry (SIMS).
The results revealed that the Zr concentration is 3.3 x 10"’ cm™>,
which is about two orders of magnitude higher than that of uninten-
tional oxygen impurities (5 x 10" em™3).

Room-temperature PL spectra under above-bandgap excitation
by an excimer laser are shown in Fig. 2. The undoped AIN reference
(Fig. 2, inset) is dominated by a sharp band-edge emission at ~5.9 eV,
showcasing excellent crystal and optical quality. Upon Zr doping, the
near band-edge emission is significantly quenched, and a broad,
deep-level band centered around 3.6 eV becomes the dominant fea-
ture. The emission band occurring in the energy range of 3.4-3.6 eV
is well known in AIN and is commonly assigned to the recombination
of Al vacancies (V) and their complexes with oxygen impurities,
more specifically to the band-to-impurity recombination involving
(VA=200)Y* " and (V4 —On)?> /1 defect complexes.”” > Theoretical
work suggested that (Zry-Vy)° complex produces localized intra-
defect emission lines around 1.91 and 3.78 eV."” However, these fea-
tures cannot be resolved in the PL spectrum of Fig. 2 because carrier
recombination pathways through the ubiquitous complexes are over-
whelmingly dominant under above-bandgap optical pumping.

To gain insight into the formation of Zr donor impurities and
defect complexes during growth, it is important to bear in mind that
Zr ) is a simple donor, though it is quite deep with a calculated energy
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FIG. 1. (a) XRD (002) w-rocking curves and (b) AFM surface morphology of 10 um thick Zr-doped AIN (AIN:Zr) and undoped AIN epilayers. The measured RMS roughness
values are 0.25 and 0.18nm over a 5 x 5 um? area, and the corresponding rocking-curve FWHM values are about 70 and 20arc sec. Schematic layer structures of
undoped AIN and AIN:Zr epilayers are illustrated in the insets of (a). (c) Concentrations of Zr and O in AIN:Zr sample probed by SIMS.
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FIG. 2. Room-temperature (T = 300K) PL spectrum of AIN:Zr epilayer excited by
an excimer laser (Zexc = 193 nm). The inset plots the PL spectrum of an undoped
AIN epilayer measured under identical conditions.

level of about 1.4eV below the CBM."” At a growth temperature of
1250°C (or 1523 K) (KT ~0.127 eV), the fraction of ionized Zr,; can
be estimated to be about exp (F15) A~ 1.6 x 107°. This indicates
that the vast majority of Zr,, donors remain in a neutral charge state,
pinning the Fermi level at the Zr,, donor level, located about 1.4 eV
below the CBM."” Furthermore, previous theoretical results'” revealed
two critical insights. First, the formation energies of Zrs-Vy com-
plexes are comparable to those of isolated Zr,; donors, implying that
their resulting concentrations are also comparable. Second, with the
Fermi level pinned at the energy level of Zr,, donor, a greater propor-
tion of negatively charged complexes (Zrx-Vy) ™" are formed during
growth compared to neutral ones (Zra-Vy)° because the energy level
of (ZrAl—VN)_1 lies below that of Zr,; donors. Consequently, the sys-
tem ends up with more neutral Zr,; donors than positively charged
ones (Zr}; > Zr}) and more negatively charged complexes than neu-
tral ones [(Zry-Vn)"' > (Zra-Vn)°]. Nonetheless, Zr%,
(ZrAl—VN)fl, and (Zra-Vy)® can all contribute to photocurrent
under illumination with correct excitation energies.

To resolve Zr-related states, PES measurements were performed
at room temperature. Peaks in a PES represent direct photoexcitation
of carriers from either a band-to-band or impurity-to-band transition,
and therefore, any other donor-to-acceptor pair and single-photon
emission lines originating from intra-defect transitions can be pre-
cluded. Vertical photoconductive structures were fabricated to facili-
tate PES measurements, as schematically illustrated in the inset of
Fig. 3(a). To ensure sufficient optical absorption and adequate photo-
current signals for below-bandgap photons, the AIN:Zr active layer
thickness was increased to 20 um. Fabrication began with MOCVD
growth of a 0.3-um-thick Si-doped n-Aly4GageN bottom contact
layer on the bulk AIN substrate. To expose this bottom n-Alj 4Gag N
contact layer, one-half of the sample was masked with a sapphire
shadow mask prior to the subsequent growth of the 20-um AIN:Zr
active layer and a 0.3-um Si-doped n-Aly,Ga, 6N top contact layer.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Following sapphire mask removal, standard photolithography and
inductively coupled plasma reactive-ion etching were used to define
the top contact geometry, isolating it from the bottom layer. The use
of a sapphire mask during growth allows us to avoid deep etching of
AIN, which is highly challenging. Ohmic contact stacks comprising
Ti/Al/Ti/Au were then deposited via electron-beam evaporation onto
both n-type contact layers. This vertical architecture enables back-side
optical excitation through the transparent bulk AIN substrate, mini-
mizing top-metal shadowing while directing the electric field strictly
across the AIN:Zr active layer. For comparison, photoconductive
structures were also fabricated from a reference undoped AIN
epilayer.

Dark current-voltage (I-V) characteristic of the AIN:Zr sample
is shown in the inset of Fig. 3(a) and reveals a dark current of about
25nA at 300 V and a dark electrical resistivity of ~10° Q cm, confirm-
ing the excellent electrical isolation required for low off-state leakage.
A laser-driven light source coupled with a triple grating monochro-
mator was used as a variable wavelength excitation source, providing
an excitation wavelength range between 190 and 2400nm and an
optical power of about 0.2 mW. Figure 3(a) shows the PES spectrum
of AIN:Zr under back-side illumination, measured at 300V. The
broad onset near 5.9¢eV corresponds to fundamental band-to-band
absorption. Additionally, sub-bandgap illumination resolves three dis-
tinct, prominent absorption features centered near 1.5, 1.9, and
2.8¢V. In comparison, the PES of undoped AIN epilayer shown in
Fig. 3(b) exhibits a sharp photocurrent peak near the bandgap with
no other visible defect transitions.

Based on first-principles calculation results'” and its absence in
the reference sample of undoped AIN epilayer, we assign the 1.5eV
peak to the direct photoexcitation of electrons from the neutral donor
state (Zra))? into the conduction band. We propose that the spectral
peak near 1.9V, which is absent in the reference sample, is due to
the photoexcitation of an electron bound to a negatively charged com-
plex of (Zry-Vy)'™ to the CBM. Though the excitation energy of
(Zra-Vy) ™! to the CBM was not calculated, it should be less than
3.07 eV, since the calculated excitation energy of (Zry-Vy)° to the
CBM is 3.07 eV. The stability of this negatively charged state is medi-
ated by the fact that the calculated energy level of this state is slightly
below the energy level of Zr, donors. The absorption peak near
2.8 ¢V is reasonably close to the predicted energy of 3.07 eV required
to excite an electron from a neutral complex of (Zra-Vy)° to the
CBM."” Since the concentration of (Zry| ~Vy)is expected to be lower
than that of (Zry-Vy)™", the photocurrent peak associated with
(Zrp1-Vy)° should be weaker than that of (Zra-Vy)™". Experimental
results in Fig. 3(a) corroborate this expectation. However, a separate
first-principles  calculation study revealed that valence band
photoexcitation to (Va-O)'", described by the process of
(Val—On)'™ +hv(2.94eV) — h' + (Vo —Ox)*", can yield an
absorption peak at 2.94eV.”" Therefore, it is also plausible that the
PES peaks of the AIN:Zr sample near 2.8 and 3.0 eV originate from
these defect complexes, even though they are absent in the undoped
AIN epilayer. Furthermore, a weak absorption footprint near 4.0 eV
shown in Fig. 3(a) also aligns with the predicted optical ionization
threshold of 3.97 eV for electrons bound to (V 5-Ox)*~ defect com-
plex into the conduction band.” It is worth noting that the broad
peak near 1.78 eV observed in the optical absorption spectrum™ is
absent in the PES of the AIN:Zr sample. This implies that the previous
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FIG. 3. (a) Photocurrent excitation spectroscopy (PES) of an AIN:Zr photoconductive device measured at V=300V under back-side illumination. Insets are the schematic
cross-sectional view and dark |-V characteristic of the AIN:Zr device. (b) PES of the undoped AIN epilayer. Inset is the schematic cross-sectional view of the undoped AIN
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assignment of this optical absorption peak to optical excitation of an
electron bound to a (Zry—Vy) ™" to the CBM needs to be rectified. A
peak appearing in optical absorption spectrum but not in PES sug-
gests that this peak is either a donor-acceptor type or an intra-defect
transition involving a Zr-related defect.

Careful inspection of the PES of AIN:Zr features reveals that
each sub-bandgap absorption peak, except the line involving isolated
(Zra)®, appears as a distinct doublet. The 1.9 eV peak features a side
peak at 2.1 eV; the 2.8 eV peak pairs with an absorption shoulder at
3.0eV; and the 4.0V feature splits into distinct components at 3.9
and 4.1eV. This fine structure stems from the unique symmetry of
the wurtzite AIN lattice. As illustrated in Fig. 4(a), two structural con-
figurations exist for axial complexes: a longer single bond directed
parallel to the c-axis (n-bond configuration) and three equivalent,
shorter basal plane bonds (g-bond configuration). Consequently,
both (Zr-Vy) and (V 4-Ox) complexes form two distinct geometri-
cal arrangements with unique binding energies. The energy splitting
observed within these doublets is close to the known binding energy
difference between n-type and o-type configurations for complexes in
GaN (0.16eV).”” The lower-energy, higher-intensity peaks corre-
spond to the o-type configurations due to their higher structural
degeneracy and larger binding energy.”® Similar doublet transition
lines associated with o-type and 7-type (Vi;—Oy) defect complexes
have been experimentally observed in PL emission spectra of GaN*’
and AIN.*

The comprehensive energy level scheme extracted from our PES
measurements is summarized in Fig. 4(b). For high-power extrinsic
PCSS applications, all three major absorption features can be utilized
for optical switching. However, our photocurrent transport measure-
ments indicate that the optimal trigger photon energy sits around
1.9 eV, balancing high absorption efficiency with deep-level stability.

In summary, high-quality AIN:Zr epilayers were synthesized on
bulk AIN substrate via MOCVD. Structural and morphologic evalua-
tions confirmed excellent crystalline orientation and sub-nanometer
surface roughness. While emission spectra were dominated by Al
vacancies and their complexes with oxygen impurities, photocurrent
excitation spectroscopy mapped Zr-related deep-level donor and
donor-defect complex states. We resolved the isolated donor level at
1.5 eV alongside the (Zra=Vy)"™ complex configurations. Each com-
plex exhibits a clear 0.2 eV doublet splitting driven by n-bonding and
o-bonding configurations in the wurtzite lattice. These findings experi-
mentally confirm the deep-level electronic properties of Zr in AIN.
Beyond advancing our fundamental understanding of transition-metal
defects in wide-bandgap semiconductors, the results establish a robust
material platform for high-efficiency extrinsic photoconductive semi-
conductor switches for power electronics and scalable, room-
temperature quantum qubits for quantum information science.
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