- Taylor & Francis
Materials

ICEEIdelsM  |Vaterials Research Letters
| Letters

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tmr|20

Ultrathin epitaxial NbN superconducting films
with high upper critical field grown at low
temperature

Xiucheng Wei, Pinku Roy, Zihao Yang, Di Zhang, Zihao He, Ping Lu, Olivia
Licata, Haiyan Wang, Baishakhi Mazumder, Nag Patibandla, Yong Cao, Hao
Zeng, Mingwei Zhu & Quanxi Jia

To cite this article: Xiucheng Wei, Pinku Roy, Zihao Yang, Di Zhang, Zihao He, Ping Lu,
Olivia Licata, Haiyan Wang, Baishakhi Mazumder, Nag Patibandla, Yong Cao, Hao Zeng,
Mingwei Zhu & Quanxi Jia (2021) Ultrathin epitaxial NbN superconducting films with high
upper critical field grown at low temperature, Materials Research Letters, 9:8, 336-342, DOI:
10.1080/21663831.2021.1919934

To link to this article: https://doi.org/10.1080/21663831.2021.1919934

8 © 2021 The Author(s). Published by Informa @ Published online: 29 Apr 2021.
UK Limited, trading as Taylor & Francis

Group.
\]
(& suomit your article to this journal sl Article views: 160
A py
& View related articles (3 (!) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tmr|20


https://www.tandfonline.com/action/journalInformation?journalCode=tmrl20
https://www.tandfonline.com/loi/tmrl20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21663831.2021.1919934
https://doi.org/10.1080/21663831.2021.1919934
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tmrl20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2021.1919934
https://www.tandfonline.com/doi/mlt/10.1080/21663831.2021.1919934
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2021.1919934&domain=pdf&date_stamp=2021-04-29
http://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2021.1919934&domain=pdf&date_stamp=2021-04-29

MATER. RES. LETT.

2021, VOL. 9, NO. 8, 336-342 2§ MATERIALS Taylor & Francis
https://doi.org/10.1080/21663831.2021.1919934 RESEARCH LeTTeRs TeyorFrancs Group

REPORT 8 OPEN ACCESS | ek forupasts|

Ultrathin epitaxial NbN superconducting films with high upper critical field
grown at low temperature

Xiucheng Wei?*, Pinku Roy®*, Zihao Yang*, Di Zhang®, Zihao Hed, Ping Lu®, Olivia Licata®, Haiyan Wang ®4
Baishakhi Mazumder®, Nag Patibandla€, Yong Cao®, Hao Zeng ©2, Mingwei Zhu® and Quanxi Jia

12

@Department of Physics, University at Buffalo — the State University of New York, Buffalo, NY, USA; IODepartment of Materials Design and

Innovation, University at Buffalo — the State University of New York, Buffalo, NY, USA; “Applied Materials, Inc., Santa Clara, CA, USA; 95chool of
Materials Engineering, Purdue University, West Lafayette, IN, USA; €Sandia National Laboratories, Albuquerque, NM, USA

ABSTRACT ARTICLE HISTORY
Ultrathin (5-50 nm) epitaxial superconducting niobium nitride (NbN) films were grown on AIN- Received 14 April 2021
buffered c-plane Al,03 by an industrial scale physical vapor deposition technique at 400°C. Both Accepted 16 April 2021
X-ray diffraction and scanning electron microscopy analysis show high crystallinity of the (111)- KEYWORDS

oriented NbN films, with a narrow full-width-at-half-maximum of the rocking curve down to 0.030°. Ultrathin superconducting
The lattice constant decreases with decreasing NbN layer thickness, suggesting lattice strain for films films; NbN; epitaxial growth;
with thicknesses below 20 nm. The superconducting transition temperature, the transition width, the physical vapor deposition
upper critical field, the irreversibility line, and the coherence length are closely correlated to the film

thickness.
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IMPACT STATEMENT
This work realized high quality ultrathin epitaxial NbN films by an industry-scale PVD technology at
low substrate temperature, which opens up new opportunities for quantum devices.

Introduction Superconducting NbN thin films have been deposited

The ability to grow niobium nitride (NbN) films by differ-  using different methods including reactive DC/RF mag-
ent techniques and the relatively higher superconducting  netron sputtering [12,13], pulsed laser deposition (PLD)
transition temperature (T¢) in comparison with other [14,15], chemical vapor deposition (CVD) [16,17],
transition metal based superconducting materials have ~ molecular beam epitaxy [18,19], atomic layer deposition
made NbN one of the most widely studied superconduct- [20,21], and polymer-assisted deposition (PAD) [22].
ing materials for a range of applications. For example, Different materials such as MgO [5,23], SiC [24,25],
NDN has emerged as a preferred material for super- Al,O3 [26,27], Si [28,29], and GaAs [3,30] have been
conducting nanowire single photon detectors (SNSPD)  used as the substrates for the growth of NbN films. It
[1-5]. Epitaxial NbN films have also been investigated is known that the superconducting properties (e.g. Tc)
as the superconducting electrode for Josephson junctions ~ of NbN films are sensitive not only to the deposition

in superconducting quantum interference devices, super-  techniques but also to the growth conditions for a given
conducting qubits, and rapid single flux quantum logic ~ deposition technique. The substrate materials and the
circuits [6-11]. film thickness also play important roles in determining
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superconducting properties. For instance, Hazra et al.
reported a T of around 17 K for 50 nm NbN films grown
by high temperature CVD at 1300°C on sapphire and
AIN [16]. Zou et al. reported the growth of 18 nm epi-
taxial NbN film on SrTiO3 with a T¢ of 14K by PAD
[22]. Linzen et al. deposited 40 nm NbN films using a
plasma-enhanced atomic layer deposition, with a T¢ of
13.7 K [31]. The effect of the substrate materials on super-
conducting properties of NbN films grown by PLD has
also been reported, showing a T¢ of 13.1 K on MgO and
15.2K on Al,O3 substrates [32]. Furthermore, the Tc of
NDN films is extremely sensitive on N concentration. As
indicated by Kalal et al., both deficiency or excess of N
from equiatomic NbN composition could lead to a reduc-
tion in Tc when reactive magnetron sputtering of Nb
target at different partial pressure of N, was used to grow
NDN films [33].

For certain applications, epitaxial NbN film is pre-
ferred. Epitaxial NbN film with a thickness of 5 nm grown
by DC magnetron sputtering on GaN-buffered sapphire
showed a maximum T¢ of 13.2K and an upper criti-
cal magnetic field (Hc;) greater than 15T at 0K [17].
On the other hand, epitaxial NbN films deposited by
sputtering on MgO (001) with a film thickness > 50 nm
showed Hg, around 20T [34]. To reduce the strain
effect of substrate materials on the properties of NbN
films, a buffer layer between the NbN film and the sub-
strate has been explored. NbN films with thickness close
to 5nm deposited by magnetron sputtering on ¢- and
M-plane sapphire substrates with eitehr a AlyGa;_xN
(x < 20%) or an AIN buffer layers respectively showed
a maximum T¢ of 13.3K [17,26]. TiN buffer layer on
Si has also been investigated where the Tc of NbN
film could be improved by about 1-3K than that on
bare Si (100) substrate [29]. A monotonic decrease in
Tc with decreasing NbN film thickness is commonly
observed when the film thickness is less than 100 nm
[13,35,36]. Therefore, it is imperative to investigate the
processing-structure-property relationship of the NbN
films grown by a particular deposition technique, with
the purpose of optimizing their performance for specific
applications.

In this work, we show that wafer scale and high
crystallinity superconducting NbN thin films (5-50 nm)
can be epitaxially grown on AIN buffered (20 nm)
c-plane Al,O3 by sputtering at a substrate temperature
of 400°C. The epitaxial NbN films exhibit an in-plane
strain when the film thickness is less than 20 nm. The
strained ultrathin (~5nm) epitaxial NbN film shows
an upper critical field of 36 22T and an irreversibil-
ity line of 16 £ 1T at 4.2K, and a coherence length of
2.542 £ 0.002 nm.
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Materials and methods

The AIN and NbN layered structures were deposited on
2-inch c-plane sapphire in two separate Applied Materi-
als’ 300-mm Impulse™ physical vapor deposition (PVD)
chambers. Both AIN buffer layer and NbN layers were
deposited via reactive ion sputtering from Al and Nb tar-
gets respectively in Ar and N, ambient at a substrate tem-
perature of 400°C. The crystal structure and microstruc-
ture of NbN films with varying thickness were analyzed
by x-ray analysis and scanning TEM (STEM) using high-
angle annular dark-field (HAADF) detector. The details
of the processing parameters to grow the films, the x-
ray analysis, TEM characterization, and superconducting
property measurement can be found from the Supple-
mentary Information.

Results and discussion

The superconducting properties of the epitaxial NbN
films depend strongly on their crystalline quality. The
surface and interface also play important roles in deter-
mining the superconducting properties of ultrathin NbN
films. Therefore, it is essential to fully characterize the
structure of the NbN films. The film orientation with
respect to the single crystal c-plane Al O3, phase purity,
crystallinity, and interface roughness were characterized
by x-ray diffraction including 6-20 scans, w-rocking
curves, ¢-scans, and surface reflectivity measurements.
Figure 1 shows the x-ray 6-20 scans of the films with dif-
ferent film thicknesses at 20 angle around (111) diffrac-
tion of the cubic NbN. The 6-26 scans over a wide range
of 20 angles is shown in the Figure S1 (Supplemen-
tary Information). It is noted that the (111) diffraction
peak shifts to the smaller angle with increasing the film
thickness. Inset in Figure 1 shows the full-width-at-half-
maximum (FWHM) of the w-rocking curve of the (111)
diffraction and the a-axis lattice parameter of the NbN
thin films with different film thicknesses, where the lat-
tice parameter is calculated from the (002) diffraction. As
can be seen from the thickness dependent lattice param-
eter of the NbN films shown in the inset of Figure 1,
the lattice parameter of NbN remains nearly constant
at 4.392 A for films with a thickness ranging from 50
to 20 nm, and then decreases monotonically to 4.365 A
(5nm). This suggests an a-axis lattice strain of up to 1%
(considering the lattice constant of bulk NbN as 4.39 A)
for the 5nm NbN film. This can be understood by con-
sidering that the lattice constant of Al,O3 is 4.785 A. The
change of lattice parameter with film thickness is fur-
ther confirmed by analyzing the selected area electron
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Figure 1. X-ray 6-26 scans of the NbN films with different film thicknesses. Inset shows NbN film thickness dependent lattice parameter
and full width at half maximum of w-rocking curve of the NbN (111) diffraction.

diffraction (SAED) patterns (see Figure S2 in Supple-
mentary Information). Using Al;O3 (006) plane spacing
as the reference, the lattice parameter evaluated from
SAED patterns is 4.370 A and 4.390 A for 5 and 50 nm
NbN films, respectively. Both (001)-oriented AIN and
(111)-oriented NDN films are compressively strained in-
the-plane based on the crystal structure and the epitaxial
relationship between the film and the substrate. It is noted
that the 5nm NbN film may not be in coherent strain
due to the extra interface roughness resulted from the
AIN buffer layer as shown in Figure 2. The FWHM of the
rocking curve as shown in the inset of Figure 1, on the
other hand, remains almost constant with a value around
0.030° ~ 0.033° when the NbN film thickness changes
from 5 to 50 nm. Such a narrow rocking curve clearly
indicates that high crystallinity (111)-oriented NbN films
could be deposited by a low temperature sputtering
technique.

The growth of highly crystalline epitaxial NbN films
at a low substrate temperature by sputtering is further
confirmed by the ¢-scan of the (002) NbN film and the
(116) AL, O3 (see Figure S3 in Supplemental Informa-
tion). The (111) NbN basal plane is well aligned with
the substrate as illustrated by the six diffraction peaks
60° apart from each other. Based on the 6-20 scan of
NbN/AIN/Al, O3 heterostructure and the ¢-scans of the
(002) NDN and the (116) Al,O3, the overall epitax-
ial relationship between the NbN and c-plane Al,O3

can be described as (111)npn||(001)a1n]|(001) A1203 and
[110]nbN]|[100] AIN]|[[120] A1203- We suggest that the AIN
buffer layer plays a critical role in the epitaxial growth
of NbN on c-plane Al,O3 since the lattice mismatch
along the [100] AIN (azpy = 0.311nm) and [110] NbN
(+v/2anbn/2 = 0.310 nm) is less than 0.3%.

Figure 2 shows the STEM-HAADF image with cor-
responding energy dispersive x-ray spectroscopy (EDS)
maps of the NbN film (5nm) on AIN-buffered c-plane
Al,O3, obtained when the Al,O3 was aligned along
< 120> zone axis. The high-resolution HAADF image
shown in Figure 2a illustrates a sharp interface between
the AIN buffer layer and Al,O3 substrate. The interface
between the NbN and AIN very much follows the mor-
phology of the AIN buffer layer. The crystallographic
orientation relationship between the films and substrate
can be identified by observing the Fourier-filtered trans-
form (FFT) patterns from the AIN/Al,Os3 interface and
the NbN film (shown in the insets of Figure 2a). The over-
all epitaxial relationship of NbN on AIN-buffered c-plane
Al,O3 matches with the x-ray diffraction measurement.
It should be noted that the NbN film is expected to
grow in two equivalent domains related by 180° rota-
tion about the vertical axis or by the twin relationship
on (111) planes, considering the symmetry of cubic NbN
(111) on hexagonal AIN (001) plane and the orientation
relationship between the two phases (NbN and AIN).
The twinning structure in NbN is indeed observed in
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Figure 2. STEM analysis of NbN film (5 nm) on AIN-buffered c-plane Al,0s. (a) HAADF image of the layered structure NbN/AIN/AI,Os.
Insets show the FFT patterns from the AIN/Al, O3 interface (bottom square region) and the NbN film (top square region); (b) EDS maps of
the chemical components of layered structure; (c) EDS spectrum of each component.

the FFT pattern shown in the inset, in which the spots
are related by 180° rotation about the vertical axis. The
EDS maps shown in Figure 2b are displayed according
to three principal components with NbN in red, AIN in
green and Al,Os in blue, respectively, obtained by the
principal component analysis of the EDS spectral imag-
ing. Figure 2c shows the respective spectrum for each
component, verifying the three phases.

Given the heteroepitaxial nature of the NbN films, it is
important to explore the thickness dependent supercon-
ducting properties of the films. Figure 3 shows the thick-
ness dependent T¢ of the NDN films, where T¢ is deter-
mined from the peak position of the dR/dT vs. T plot
and R is the resistance of the film. As can be seen from
Figure 3, the T¢ decreases linearly from 15.3 K (50 nm
film) to 11.2K (5 nm film) with the inverse film thick-
ness, 1/d, where d is the film thickness. Using Simonin
model [37] (d) = T¢pui(l — dc/d), we find that the crit-
ical thickness dc where the T¢ of the film disappears, is
1.38 nm. The suppression of T¢ with decreasing thick-
ness can be attributed to increase in lattice disorder of
the NbN film [38]. It is further noted that the films show
sharp transition width (ATc) (derived from FWHM
value in dR/dT vs. T plot) from 0.4 to 0.06 K by increasing
NbN thickness.

Thickness dependent T¢ has been widely reported
for superconducting materials. In particular, lattice strain
can play an important role in determining T¢ of very
thin epitaxial superconducting films. It is widely accepted
that electron-phonon coupling can be much enhanced by
biaxial strain, and thus a much higher T¢ can be induced

0.5
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15}
-— A {04
c 4y — 103
= 13} o
o 0.2 '21
12y O {0.1
np A4 . . 2 oo
0.00 0.05 0.10 0.15 020
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Figure 3. NbN film thickness dependent T¢ and transition width,
ATc. The T¢ decreases linearly with increasing 1/d. The AT, on
the other hand, increases with 1/d.

in the biaxial strained films. For example, it has been
reported that in-plane compressive strain can enhance
the T¢ of SrTiO3 by up to a factor of two, resulting from
the strain-induced modification of phonon modes [39].
More study further revealed that both strain and disor-
der could control T¢ [40,41]. A systematic increase of
Tc with epitaxial tensile strain in MgB; films has also
been reported, resulted from the softening of the bond-
stretching phonon mode [42]. On the other hand, it has
been reported that strain can cause significant sub-lattice
distortion in the lattice structure of Nb3Sn, and lead to
reduction of its superconducting properties, primarily
due to changes in the density of states at Fermi surface
with a lesser contribution due to change in the phonon
spectrum [43]. For superconducting NbN, the situation
can be more complex since the lattice parameter can
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increase continuously with an increase in N concentra-
tion due to an expansion and distortion in NbN lattice
caused by the interstitial incorporation of N atoms [33]. It
has been reported that the lowest Raman peak in §-NbN
due to acoustic phonons shifts to higher frequencies with
increasing deviation from stoichiometry [44]. This could
lead to a sharp decrease in T¢. The thickness depen-
dent Tc¢ of our ultrathin NbN films may not result from
the increase in N concentration and/or deviation from
the ideal stoichiometry. As shown in Figure 1, the lat-
tice parameter decreases with decreasing film thickness.
Our NDN films were deposited under the same process-
ing conditions except for the film thickness. The high
crystallinity epitaxial NbN films may suggest that the
surface, the interface, and the grain size can all affect
the Tc. Accordingly, the grain size, calculated based on
the Scherrer’s equation from x-ray diffraction, was found
to be around 15 and 38 nm for NbN films with thick-
ness of 5 and 50 nm, respectively. Furthermore, it is well
known that the T¢ of a given superconductor decreases
significantly when the film thickness is comparable with
the coherence length of the superconductor. Given that
Tc is closely related to the phonon spectrum, the elec-
tronic density of state, the electron-phonon coupling, and
electron-electron interaction, more detailed study is nec-
essary to deconvolute the fundamental mechanisms that
control the T¢ at a film thickness comparable to the
superconducting coherence length.

The superconducting transition width, ATc, at dif-
ferent applied magnetic fields is directly related to the
upper critical field (Hc,) and irreversibility field (Hj).
Figure 4(a) shows ATc as a function of external mag-
netic field (H) perpendicular to the film surface, where
the film thickness is 5 and 50 nm, respectively. It can be
seen that T¢ shifts to lower temperatures with increas-
ing H, as shown in Figure 4(b), regardless of the film
thickness, where the field dependent resistivity vs. tem-
perature characteristics of the 50 nm thick film is shown
in Figure S4 (Supplementary Information). Importantly,
ATc increases with H for both films as shown in
Figure 4(a). For the thinner film (5nm), AT¢ rises from
~1.5to ~3K as the magnetic field increases from 0 to
7 T. On the other hand, the variation of AT¢ is much
smaller and changes from ~0.15 to ~0.5K for the
thicker film (50 nm) when magnetic field increases from
0to7T.

Both the upper critical field H¢, (at which the super-
conductor becomes normal) and the irreversibility field
Hi,r (at which the superconductor ceases to carry super-
current) are a strong function of film thickness. The
He and Hjr at a given temperature are defined as
the fields at which the resistance of the superconduct-
ing film is 90% and 10% of the normal state resis-
tance, respectively. Figure 4(c) and (d) show the nor-
malized temperature, T/Tc, dependence of H; and
Hj,r for both 5 and 50 nm NDbN films, respectively. To
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Figure 4. Magnetic field dependent superconducting properties. (a) Superconducting transition width, ATc, as a function of field. (b)
Resistivity vs. temperature characteristics at different fields fora 5 nm NbN film. (c) Hc; and (d) Hirr as a function of normalized temperature

of both 5 and 50 nm NbN films.



extrapolate (oHcy and poHjr at liquid helium tempera-
ture, the generalized Ginzburg-Landau (G-L) model [45]
is used: Hyo(T) = He(0)[1 — (T/T.)*1” and Hyyr(T) =
H;r (0)[1 — (T/T,)®]°. The generalized G-L model can
best fit our data with a = 1.0, and b = 0.82 for H,(T)
anda = 1.8,and b = 1.18 for H;(T). The uoHc, (4.2K)
extracted from the plots is 36 £2T and 60+2T for
NDN films of 5 and 50 nm, respectively, while poHjpr
(42K)is 16 £1T and 57 £ 1T for NbN films of 5 and
50 nm, respectively. From the G-L theory, the effective
coherence length at 0K can be described by £(0) =

¢0/[2mH(0)], where ¢g = 2.07 x 1077 Gem? is the
magnetic flux quantum. The coherence length of the
epitaxial NbN films on AIN-buffered c-plane Al,O3
is £(0 K) =2.542 40.002 nm and 2.055 % 0.001 nm for
NbN films of 5 and 50 nm, respectively. Apparently,
increasing film thickness can increase uoHc,, and thus
decrease the coherence length.

Conclusion

We have grown high-quality ultrathin epitaxial supercon-
ducting NbN films on c-plane Al,O3 using sputtering at
a substrate temperature of 400°C, where AIN is used as a
buffer layer. Both x-ray diffraction and transmission elec-
tron microscopy studies reveal that the (111)-oriented
NDN films are of high crystallinity. Epitaxial NbN film
with a thickness less than 20 nm is under strain. For
an ultrathin NbN film (5 nm), the lattice strain is about
1%. Our experimental results also indicate that the T¢
of (111)-oriented epitaxial NbN films decreases with the
film thickness, where the T¢ is suggested to disappear at a
film thickness around 1.4 nm. A 5nm NbN film exhibits
a Tc of 11.2 K, an upper critical field of 36 £ 2 T, an irre-
versibility line of 16 £ 1 T at 4.2 K, and a coherence length
of 2.542 £ 0.002 nm. This demonstrates the feasibility of
producing high-performance epitaxial superconducting
films for quantum devices using an industry-scale PVD
technology.
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