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Charge-carrier-type controlled superconducting dome in ZrN, O, films
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Modifying the normal state charge carriers and the related Fermi surface can significantly affect a material’s
superconducting state. The recently discovered superconducting dome as a function of chemical concentration

in transition metal nitrides provides a promising platform for achieving such control. However, this effort was
hindered by synthesis techniques that cannot stabilize the material’s structure in the presence of a significant
number of nitrogen vacancies. In this study, we employed oxygen-assisting nitrogen gas flow with radio
frequency magnetron sputtering to stabilize the crystal structure of nitrogen-deficient zirconium nitride thin

films and explore the impact of normal state charge carrier types on the superconducting state. Our electrical and
thermoelectrical transport measurements indicate a fine-tuning of the superconducting transition temperature, 7,
through a shift from hole-type to electron-type charge carriers. Additionally, a concurrent strain release, reflected
in the change of the film’s crystal orientation, is observed in the process.

DOLI: 10.1103/PhysRevMaterials.7.094801

I. INTRODUCTION

The physical properties of a superconducting state are
profoundly affected by the normal state charge carriers from
which Cooper pairs are formed. This phenomenon is par-
ticularly prevalent in superconductors with complex phase
diagrams, where competing states coexist with close free
energies [1-9]. By means of modifying material structures
and chemical ratios, crystal field and band structure evolve,
leading to an enhancement or suppression of superconduc-
tivity. The recent discovery of a superconducting dome in
transition metal nitrides [9] offers a favorable opportunity in
realizing the regulation of superconducting transition tem-
perature 7. via modifications in the band structure. Despite
being known for over three decades, the nature of supercon-
ductivity in these materials is still a topic of debate, e.g.,
the density of states at the Fermi surface [10] and electron-
phonon coupling strength [11] are too low to explain their
relatively high T.. For materials such as ZrN, [9,12-15],
HfN, [16,17], NbN, [18-24], TaN, [25,26], TiN, [27-29],
and VN, [30-34], nitrogen content is observed to have a
great influence on superconductivity. Studies on ZrN, [9,35]
suggest that the superconducting transition is governed by a
combination of the electron-phonon coupling strength and the
number of mobile carriers. While continuously lowering the
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amount of nitrogen content can serve as an effective method
to reduce the number of charge carriers, it also destabilizes
the crystal structure [9], resulting in difficulties for detailed
studies.

Extensive research has been conducted over the years
on the synthesis [36,37] and electrical transport proper-
ties [38—41] of ZrN,O,. Oxygen-assisting crystal synthesis of
superconducting transition metal nitrides has multiple bene-
fits: oxygen (O) and nitrogen (N) ions have different valences,
and replacing nitrogen with oxygen allows control of mobile
carriers while keeping crystal structure stable; introducing
oxide and nitride domains in crystal film in extreme growth
conditions (i.e., the combined N/O concentration is much less
than or far above that of Zr) offers an outlet of interface strain
that otherwise can destroy the overall crystal structure. We
found that by employing oxygen-assisting nitrogen gas flow
with radio frequency magnetron sputtering, ZrN,.O, with pre-
viously challenging chemical compositions can be stabilized,
even with ~40% nominal total N and O vacancies.

To estimate the effect of replacing N by O atoms and
compare it with that purely induced by the changing of N
concentration, we apply density functional theory (DFT) cal-
culation with the projector augmented wave (PAW) method
and a generalized gradient approximation (GGA) (the same
as in Ref. [9]). The band structures of ZrN,O, are obtained
by virtual-crystal approximation (VCA). We found that this
method overestimates the effect of N vacancy in modifying
lattice constants. As a result, we achieve energy minimization
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FIG. 1. Band structure and qualitative estimation of the number of charge carriers. (a) Band structure of y/(x + y) = 0 ZrN, O,, where hole
bands are observed near I'. (b) The total number of charge carriers (V) per unit cell for ZrN, (green square) and ZrN,O, (orange diamonds).
The hole-to-electron carrier type transition occurs at x ~ 0.75 for ZrN, and at y/(x 4+ y) ~ 0.7 for ZrN, O,. Here, x + y is set to a constant for
various values of y/(x + y). (c) Band structure of ZrN,O, y/(x + y) ~ 0.7, where electron bands are observed near I'.

by relaxing the lattice constants and atomic coordinates to
obtain the appropriate crystal structure. For simplicity, we
obtain the effective N content by normalizing the c-axis lattice
constants from DFT calculation to experimental ones, which
allows direct comparison between the two.

The total charge carriers for extremely nitrogen-deficient
ZrN, are found to be the hole type. By increasing the N
content, the carrier type changes to the electron dominate
near x ~ 0.75. A similar change can be realized by replacing
~70% of N by O (Fig. 1), while keeping the total N and O
concentration as a constant. The change of charge carrier type
is rooted in the evolution of electron bands across the Fermi
surface for which oxygen and nitrogen elements in ZrN,O,
work collaboratively. Experimental results show that the DFT
calculations qualitatively capture the change of carrier type in
ZrN, O, films.

II. EXPERIMENTAL RESULTS

A. Thin film growth and characterization

ZrN,O, films were grown on the (111)-oriented MgO
and silicon substrates using the radio frequency magnetron
sputtering with a 99.95% Zr target. We utilized the silicon
substrate solely for the purpose of calibrating the oxygen
concentration of the synthesized film. The substrates were pre-
heated to 800 °C under a vacuum condition of 5.0 x 107> Pa
before a combination of gas flow is passed into the chamber.
By fixing the N, partial pressure (0.05 Pa) and varying the
O, flow rate [0-0.52 SCCM (SCCM denotes cubic centimeter

per minute at STP)] while keeping the total pressure at 0.5 Pa
(compensating Ar to maintain the total pressure), we obtained
ZrN, O, films with a thickness of about 1.3 um after two 600-s
sputtering sessions (presputtering and formal sputtering with
the power of 200 W). To acquire a series of ZrN,O, films
with charge carrier type from hole to electron, we first syn-
thesized ZrN,O, with nominal x ~ 0.35, y ~ 0.05 (Table I),
and then increased the O, flow rate. Our end material was
ZrN,O, with x ~ 0.6 and y ~ 0.4. As suggested by the DFT
calculation, either the increase in N concentration alone or
that in the y/(x 4 y) ratio can achieve a hole-to-electron type
transition in our films. We combined the two effects to realize
the transition.

Figure 2 depicts the structural and chemical characteriza-
tion of ZrN, O, films. The atomic fractions of Zr, N, and O
atoms are acquired by energy dispersive x-ray spectroscopy
(EDX). To facilitate clear separation of signals from ZrN,O,
films and substrate, the films grown on silicon substrates were
used for the chemical analysis. Because EDX can only obtain
results for the relative chemical ratios, we normalized our
data to that of ZrN for absolute values (similar to that in
Ref. [9]). Since both N and O concentrations are changing, for
a simple presentation to take both into account, we used the
total nominal valence of Zr, (3x + 2y) to label ZrN, O, films.

The total nominal valence of Zr does not evolve smoothly
with increasing oxygen flow during synthesis, but shows a
drastic change at approximately 0.4 SCCM [Zr valence of
~1.8; Figs. 2(a) and 2(b)]. This change coincides with lat-
tice orientation transition from ZrN (111) to ZrN (200), as
revealed by the x-ray diffraction spectrum (XRD) in Fig. 2(c).

094801-2



CHARGE-CARRIER-TYPE CONTROLLED ...

PHYSICAL REVIEW MATERIALS 7, 094801 (2023)

TABLE 1. ZrN,O, film information. Resistivity at Mott-Ioffe-Regel limit is calculated as pyr =

h

1/3 .
el and kp = Zn(%) 7 Sheet resistance

is calculated as Ry = 2+, where ¢ is the film thickness. * denotes thickness measured directly from SEM cross-section image, other estimated
from film grown with similar conditions. Also listed are resistivity at 300 K (p300x ) and 50 K (psok ), Hall coefficient (Ry) at 30 K, and MR fit

parameter b, at 10 K.

ZrN, O, film parameters

O, flow Zr N (0] Zr T POMIR £300K P50K Ry byat 10K R;at 50K t

(SCCM) (%) (%) (%) «x y valence (K) (uQcm) uQ2cm) (cem) (1073 em?/C) (1074/T?) (Q) (um)
0 71.26 2495 3.77 0.350 0.053 1.16 NA 504 414 403 0.17 0.82 2.14 1.88%
0.15 64.87 30.71 440 0.474 0.068 1.56 NA 284 155 151 0.03 0.73 1.19 1.26%
0.30 6223 32.13 5.62 0.516 0.090 1.73 272 192 264 265 0.01 NA 2.14 1.24
0.31 61.80 3245 5.74 0.525 0.093 1.75 523 NA 316 313 NA NA 2.53 1.23
0.32 61.76 3247 5.76 0.526 0.093 1.76 5.66 344 233 228 —0.05 1.18 1.82 1.25
0.35 61.55 32.06 6.38 0.521 0.104 1.77 6.15 380 230 224 —0.07 NA 1.74 1.29
0.40 61.10 3245 6.43 0.531 0.105 1.80 6.66 408 266 257 —0.09 1.81 190  1.35
0.42 58.61 34.05 7.33 0.581 0.125 199 6.88 NA 1.67 x 10*° 1.60 x 10° NA NA 11.6 1.38
0.45 5523 35.80 8.96 0.648 0.162 227 642 864 4.25x10° 4.20 x 10° —0.87 5.45 29.8 1.41
0.46 54.14 35.03 10.82 0.647 0.200 234 3.78 NA 6.21 x 10* 7.31 x 10* NA NA 511 1.43
0.47 52.60 33.93 13.46 0.645 0.256 237 3.53 NA 1.16 x 10° 1.33 x 10° NA 9.47 924 1.44%
0.48 52.54 33.25 14.20 0.633 0.270 2.43 282 NA 2.06 x 10° 2.63 x 10° NA NA 1.83 x 10° 1.44
0.50 5223 31.89 15.86 0.611 0.304 2.44 293 938 2.07 x 10° 2.55 x 10° —1.11 9.63 1.77 x 10° 1.44%
0.52 50.01 30.49 19.48 0.610 0.390 2.61 NA NA 2.06 x 107 5.18 x 107 NA NA 3.57 x 10° 1.45

Such a change of crystal orientation in transition metal nitrides
has been reported in the previous studies [42,43]. Since the
ZrN (111) plane at the substrate interface has the lowest strain
energy and the ZrN (200) plane has the lowest surface energy,
the actual orientation of the film depends on the competi-
tion between the two [44]. With an increasing oxygen and
nitrogen concentration, the orientation-averaged strain energy
can be released, and surface energy becomes the dominat-
ing factor. Concurrently, we observe the appearance of ZrO,
structure peaks, which may induce domain separations that
facilitate the above process. A typical reciprocal space map-
ping (RSM) of ZrN, O, films (Zr valence of ~1.76) is plotted
in Fig. 2(d), showing an epitaxial growth. The cross-section
image in Fig. 2(e) captured by scanning electron microscope
(SEM) of a ZrN,O, film with a Zr valence of 1.56 shows a
thickness of ~1.26 um (thicknesses of other films are listed
in Table I). From the acquired SEM surface topographies in
Fig. 2(f), it is evident that when the Zr valence is low (e.g.,
1.16, x +y ~ 0.4 and thus ~60% nominal total N and O
vacancies), the surface appears uneven with irregular crystal
domains. However, as the Zr valence increases (e.g., ~1.76,
x+y~ 0.6, ~40% nominal total N and O vacancies), the
film’s surface becomes relatively smooth. Further increasing
the Zr valence to 2.61 (approximately no N and O vacancies)
results in some precipitates on the film’s surface.
Characterizations of superconductivity in ZrN,O, films
are presented in Fig. 3. Figure 3(a) shows the temperature-
dependent electrical resistivity oy, of ZrN,O, films. For an
increasing Zr valence, the normal state resistivity changes
from 10% to 10 uS cm, over six orders of magnitude, and
superconductivity exists when resistivity is below 10 u&2 cm.
We define the temperature at which superconducting tran-
sition begins as the onset temperature (7.°"") and the
temperature at which electrical resistivity becomes zero as
T,o. A superconducting dome emerges when tracing 7.°°

and Ty as a function of Zr valence. The highest T,.°"" ~
7 K appears with a Zr valence of 1.99. It is noteworthy that
all of our films show a resistivity upturn behavior below
40 K (even in superconducting films when the temperature
is above T.™*"). The temperature at which resistivity upturn
occurs (Tupum) is plotted in Fig. 3(c), and a minimum 7ypum
exists at a Zr valence of 1.80. Above 40 K, the normal state
of ZrN,O, films changes from a strongly insulating (SI),
via a metallic (M) state, to a resistivity upturn behavior (a
strong insulation regime is characterized by a resistivity above
10° uQ cm and dp,,/dT < 0; metallicity is characterized by
a positive d p/dT). It is noteworthy that this upturn behavior
may indicate a weak insulating state or a quantum metallic
state [45,46]. Interestingly, we found that the normal state
resistivity of our films near room temperature is comparable or
even less than the Mott-Ioffe-Regel limit (Table I). Figure 3(d)
plots the 7,°"" and T as a function of the normal state p,, at
10 K. Magnetic susceptibility of ZrN,O, with a Zr valence of
1.99, as shown in Fig. 3(e), demonstrates bulk superconduc-
tivity in films.

B. Hall resistivity, Seebeck coefficient, and magnetoresistivity

Next, we performed detailed Hall effect, Seebeck coeffi-
cient, and magnetoresistivity measurements of ZrN,O, films
to determine the charge carrier type. Hall resistivities py, are
linearly proportional to the magnetic field, and Hall results in
the normal state (30 K) are depicted in Fig. 4(a). The Hall
coefficient Ry = px,/(noH) ~ 1/n, where n is the carrier
concentration, is temperature insensitive for each film and it
evolves from positive to negative values as the valence of Zr
exceeds ~1.75 [Fig. 4(b)].

The Seebeck coefficient S is linearly proportional to
temper;atlzlre [Fig. 4(c)]. For typical Landau Fermi liquids,

° k

S = TE:T’ where kg is the Boltzmann constant and ¢ is the
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FIG. 2. X-ray and SEM characterization of ZrN, O, films. (a) Atomic fraction of Zr, N, and O as a function of oxygen flow rate. (b) Valence
of Zr calculated from (3x + 2y). (c) 26 scan from x-ray diffraction. Here ZrN and ZrO, represent the corresponding crystal structures instead of
chemical compositions. Inset shows the transition from ZrN (111) and ZrN (200) based on integrated peak intensities. (d) A typical reciprocal
space mapping pattern of ZrN,O, films with Zr valence of 1.76. (e) Cross-section image captured by scanning electron microscope (SEM)
of a ZrN, O, film with Zr valence of 1.56. (f) SEM surface topographies of ZrN,O, films with Zr valences of 1.16 (~60% nominal total N
and O vacancies), 1.76 (~40% nominal total vacancies), 2.37 (~10% nominal total vacancies), and 2.61 (approximately no nominal N and O

vacancies).

charge of a hole or an electron. The Fermi energy Eg posi-
tively correlates with the carrier concentration n, i.e., Ep
n*3 for three-dimensional systems, thus (S/7)~' can measure
the variation in n. Figure 4(d) shows temperature-independent
S/T with a sign change near Zr valence ~1.75.
Magnetoresistivity (MR) is sensitive to the charge carrier
type and the Fermi surface curvature. MR = W,
where H denotes the applied magnetic field. In the low ﬁeld
limit (0.t < 1, where o, is the cyclotron frequency and t is
the scattering mean free time), MR oc b, H? for typical Fermi
liquids. Since b, of an open large Fermi surface is much
less than that of a closed small Fermi surface, a dramatic
increase of b, often signifies a Fermi surface evolution [6].
We observe a two orders of magnitude increase of MR at 9
T for films with increasing Zr valence in Figs. 4(e) and 4(f),
showing a change in the Fermi surface near Zr valence ~1.75.
Due to the presence of atomic vacancies and the complex
arrangement of oxygen and nitrogen atoms in ZrN,O,, ob-
taining reliable Fermi surface curvature for real film samples

is challenging with DFT. Therefore, we do not perform a
quantitative comparison between experimental results and
simulations.

C. Phase diagram

Phase diagrams based on Hall resistivity, Seebeck coeffi-
cient, and magnetoresistivity results are summarized in Fig. 5.
In Figs. 5(a)-5(c), we compare Ty with estimated n ~ 1/Ry,
(S/T)~", and b,, respectively. We note that a seeming di-
vergence in n exists near Zr valence ~ 1.75 from Hall and
Seebeck results. This divergence also exists in analyses using
two-band models, which introduces additional uncertainty.
For simplicity, here we employ the effective one-band anal-
ysis. The rapid growth of b,, which indicates a shift from
hole-type to electron-type charge carriers, coincides with the
emergence of superconductivity.

The phase diagram of ZrN, O, is depicted in Fig. 5(d), in
which the color background outside of the superconducting
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FIG. 3. Superconductivity in ZrN,O, films. (a) Temperature-dependent longitudinal electrical resistivity p,. The inset shows zoomed-in
plots near the superconducting transition temperature. (b) 7, and T as a function of Zr valence. (¢) Tipwm as a function of Zr valence.
(d) T and T as a function of p,, at 10 K. (e) Representative magnetic susceptibility (H//c) and the superconducting volume fraction with
Zr valence of 1.99.

dome represents the magnitude of the electrical resistivity p,y.
A resistivity upturn state and the strongly insulating state are
found outside of the superconducting (SC) dome. Increasing
from small Zr valance values, superconductivity appears once
the transport properties are dominated by electron charge car-
riers (Zr valance >1.75), which approximately coincides with
the reorientation of crystal from ZrN (111) to ZrN (200).

D. Resistive upper critical field

To explore the effect of charge-carrier-type change on
the emergence of superconductivity in ZrN,O,, we study
the resistive upper critical field. We measure the resistive
upper critical field (defined as the magnetic field correspond-
ing to 90% of the normal state resistivity) of ZrN,O, films
at Zr valence of 1.76 and 1.77. H., of ZrN,O, films are
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FIG. 4. Hall resistivity, Seebeck coefficient, and magnetoresistivity for ZrN,O, films. (a) Magnetic-field-dependent transverse resis-
tivity py, at 30 K. (b) Hall coefficient Ry = p.,/(uoH). (c) Seebeck coefficient S. (d) Seebeck coefficient divided by temperature S/T.
(e) Magnetoresistivity (MR) at 10 K. The inset shows the results in a semilog scale. (f) Magnetoresistivity versus H? and the fits at low

fields.
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plotted in Figs. 6(a) and 6(b), respectively. In superconducting 2¢0T s D,
materials with both electrons and holes, the resistive upper He = D. = Dy’
critical field (H,;) can be expressed by a parametric equation | |
[an often-used Werthamer-Helfand-Hohenberg (WHH) vari- U(s) =y <s + _> — <_>,
ant model] [48,49]: 2 2
In <£> - l[U (5)+ U (s) + @] where A_ = A = dmn, ko= (A2 +4henhne) . and w =
T 2 w )&ee)\'hh - Aeh)\he~
) 1/2 Aee> Ahhs> Aeh, Ane are matrix elements of the superconduct-
— l |:U (s) —U(ns) — )‘_] + AehAne i ing coupling constants, which denote pairing strength between
4 w w? electron-electron, hole-hole, electron-hole, and hole-electron.

1.76

FIG. 6. Resistive upper critical field (H//c) of ZrN, O, films. (a) Results for ZrN, O, film with Zr valence of 1.76. (b) Results for ZrN, O,
film with Zr valence of 1.77. (c) Normalized temperature-dependent upper critical field and WHH fits. Red line indicates the best fit using the
canonical WHH model and the black line indicates that using the WHH variant model.
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D, and Dy, are the diffusivities of electrons and holes. ¢y is the
magnetic flux quantum. yr(x) is the digamma function. We
employed both the canonical WHH [47] and its often-used
variant [48,49] to fit the resistive upper critical field. For
both fits, we found Aee ~ 0.7, Ay ~ 0.2, n ~ 0.2, and
%: ~ 0.2. For the canonical WHH model, we found Ao, ~
Ahe ~ 0.5 [red line in Fig. 6(c)], and for the WHH variant
model, A, ~ Ape ~ 0.1 [black line in Fig. 6(c)]. The dif-
ferences and uncertainties mainly come from the unavailable
data below 2 K that are inaccessible to our instrumentation.
Nevertheless, both results are consistent with the emergence
of superconductivity in films with the electron type of charge
carriers [6,48].

III. DISCUSSION

Our work demonstrates the electron carrier as a dominating
condition to realize superconductivity in ZrN,O,. This result
is consistent with what is observed for ZrN, [9]. For ZrN,, the
superconductivity is entirely controlled by N content, and the
superconductivity is found to be controlled by the electron-
phonon coupling in the weakly insulating N deficient regime.
Previous studies of ZrN also suggest a s-wave pairing sym-
metry [35]. Fromx < 1 tox ~ 1, electron-phonon coupling
strength increases and the change in superconducting transi-
tion temperature can be described by McMillan’s formula [9].
The total number of carriers (Fig. 1) per unit cell changes type
from a positive value (hole dominant) to negative (electron
dominant) when superconductivity appears in ZrN,. We note
that Ref. [9] only calculated the number of charge carriers in
Zr bands, and in this work, we calculate the total number of
carriers from all bands.

It is crucial to discuss the cause of the change in carrier
type. From the material synthesis perspective, in ZrN,O,, the
significant number of atomic vacancies can lead to unstable
structure, domain boundaries, and potential phase separation
between Zr and ZrN, [38-41]. Indeed, we observe uneven
surface and irregular crystal domains for nominal total N and
O vacancy number ~60%. As shown in Fig. 2(f), with the
increasing valence of Zr, the film surface quality increases and
well-defined crystallization is already achieved even for films
with a nominal total N and O vacancy number ~40%. Near Zr
valence of 1.80, transport measurements find clear evidence

of charge carrier type change and crystal orientation reorien-
tating from ZrN(111) to (200). We note that (111) and (200)
orientations of the films both belong to the same ZrN Fm3m
structure [9], and thus lattice constant relaxation and related
band structure modification are likely to be responsible for the
sudden transition from hole to electron dominating carriers.
DFT calculation [Fig. 1(b)] indicates that the hole to electron
evolution exists without the crystal reorientation. As reported
in Ref. [9], the BCS paradigm can offer a basically satisfactory
explanation for the evolution of superconducting transition
temperature. However, various factors such as film quality,
disorder, and impurities can influence the detailed aspects of
superconductivity (for instance, BCS theory predicts distinct
superconducting behaviors in the clean and dirty limits). Nev-
ertheless, we believe that the primary factor governing the
emergence of superconductivity is the hole-to-electron Fermi
surface transition.

For transition metal nitrides in general, replacing nitro-
gen with oxygen can modify the valency while keeping
the structure stabilized. The material synthesis technique in
our work provides a promising route in realizing remark-
able physics properties. For example, ZrN,O, can be used
as low-temperature thermometers, showing high sensitiv-
ity [44,50] and low magnetoresistance [51]. Additionally, the
introduction of oxygen in CoN, has been proposed to induce
magnetic transitions and potentially lead to the emergence of
superconductivity [52]. Applying our method can facilitate
the exploration of other transition metal nitrides. A similar
method may even provide a viable approach for synthesizing
bulk transition metal nitroxides, given that oxygen is able
to permeate into the bulk crystal (e.g., synthesis under high-
pressure conditions).
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