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Ambient temperature growth of mono- and

polycrystalline NbN nanofilms and their surface and
composition analysis

TRANSACTIONS ONAPPLIED SUPERCONDUCTIVITY
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Abstract—This paper presents the studies of high-quality 5m
thin NbN films deposited by means of reactive DC ngnetron
sputtering at room temperature. The deposition witlout
substrate heating offers major advantages from a pmcessing
point of view and motivates the extensive composin- and
surface characterization and comparison of the premt films
with high quality films grown at elevated temperatues.
Monocrystalline NbN films have been epitaxially gravn onto
hexagonal GaN buffer-layers (0002) and show a distit, low
defect interface as confirmed by High-Resolution TE. The
critical temperature T, of films on the GaN buffer-layer reached
10.4 K. Furthermore, a poly-crystalline structure was observed
on films grown onto Si (100) substrates, exhibiting T, of 8.1 K
albeit a narrow transition from the normal to the
superconducting state. X-ray photoelectron spectra®py and
reflected electron energy loss spectroscopy verilethat the
composition of NbN was identical irrespectively ofapplied
substrate heating. Moreover, the native oxide layeat the surface
of NbN has been identified as Nb®and thus, is in contrast to the
Nb,Os, usually claimed to be formed at the surface of Niwhen
exposed to air. These findings are of significancsince it was
proven the possibility of growing epitaxial NbN onb GaN buffer
layer in the absence of high temperatures hence pag the way
to employ NbN in more advanced fabrication processeinvolving
a higher degree of complexity. The eased integratio and
employment of lift-off techniques could, in particdar, lead to
improved performance of cryogenic ultra-sensitive érahertz
electronics.

Index Terms—Epitaxy, NbN, ultra-thin film, GaN, sputtering

. INTRODUCTION

Niobium-nitride with its relatively high energy bayap of
2.5 meV has always had the attraction to be emglaye
Terahertz applications. In particular, ultra-thitoMN material
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was firstly employed in heterodyne low-noise reeeivin
1990 with the development of the phonon-cooledétettron
bolometer HEB [1] and yet this material is attragtirising
attention in recent submillimeter and THz receivesearch
[2,3]. NbN exhibits short intrinsic electron-elemtr and
electron-phonon interaction times, thus favorisgaipplication

in HEB where it vyields intermediate frequency
(IF) bandwidth of typically 4 GHz [4-6] and is caddered
superior over niobium-based SIS junctions in temwhs O
consumption and sensitivity above 1.3 THz.

The performance of HEB’s is ultimately limited biet
quality, e.g. critical temperature, transition gira@ss and
uniformity of the 3-6 nm thin NbN layer [7,8]. The
suppression of superconductivity for films with dkmesses
close to their coherence length is considered aomaj
challenge. Poly-crystalline, yet high quality, atthin NbN
films on commonly used substrates such as Si axihjbe T,
of approximately 9 K [9]. This has led to the enyment of
lattice-matched buffer-layers such as MgO [10], SiC-
[11,12] and the recently reported hexagonal GaN, [dBich
have proven to dramatically improve the supercotidgc
properties, particularly for ultra-thin films [L4Additionally,
introducing strain to the NbN film through a bufHayer such
as NBNg also showed to improve its properties [15]. The
growth in a reactive argon/nitrogen atmosphere laams of
DC magnetron sputtering usually requires high taatpees,
achieved by heating the substrate to up to 950°Grder to
obtain the desired cubit-phase of NbN withT; of the bulk
material of 16 K. The presence of a high tempeeatur
environment limits the overall complexity of the vite
remarkably and precludes for instance the integmatif other
circuitries containing thin insulating layers otrinate multi-
layer structures. Moreover, lift-off techniques disdor
patterning are also not compatible with a high terajure
process.

In this paper we demonstrate the possibility ofwing
epitaxial NbN onto GaN buffer-layers without substr
heating and thus confirming and extending the appllity of
GaN (0002) as lattice-matched substrate for NbMsir{111)
orientation. The wurtzite-GaN layer was of approxiety 2
pm thickness and grown onto a 2-inch sapphire (P001
substrate by means of metal-organic chemical vapor
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deposition (MOCVD). Furthermore, the careful adjusht of
deposition conditions also enabled the
polycrystalline, yet high quality ultra-thin filmen bare Si
substrates at ambient temperatures.
spectroscopy (XPS) as a highly sensitive
characterization techniques and reflected electrmergy loss
spectroscopy (REELS) [16] revealed the compositbrihe
NbN films and their native oxides which are formadthe
surface when exposed to air. Up to now, only mimsearch
has been done on the investigation of the oxidie sthNbN
surfaces [17-20], in particular on ultra-thin filmathough it

All films have been exposed to ambient air

growth  dadpproximately 1 month until they were examined byaX

Photoelectron Spectroscopy and Reflected Electroardy

X-ray photwefec Loss Spectroscopy. The Kimball Physics EMG 4212 wath
surfad®aO cathodes was used as source for the primacyrahs

and the SPECS XR-50 for the generation of X-raysction
energy spectra were recorded by the semispherivalge
analyzer SPECS Phoibos 225 with absolute energyjutésn
of 0.3eV within 0-15keV range and
superimposed by the bonding-peaks of Nb 3p3/2, NarO
Nb-N. The nature of the present oxide was idemtifley

has a great impact on applied cleaning procedures aooking at the energy shiftE relative to Nb, according to Fig.

therefore the quality of the contact to the NbNelay

Il. EXPERIMENT

A. Substrate preparation and deposition parameters

1. Moreover, not only the oxides have been invastg
following this method, also the energy peak of é®N bond
reveals eventual differences in film composition onp
different growth conditions.

Furthermore, the samples were prepared for HRTEM by

The 2 um thick GaN buffer-layer (0002) was prepaaed yenqsiting a thin Nb, respectively Ti/Au layer orte NbN

the Institute of Electronic Materials TechnologyT ME),

Warsaw, and grown onto a sapphire template by a M@C
process using an RF heated AIX200/4RF-S low pressur m

horizontal reactor. The Si-substrates are of (I@®ntation
and exhibited a native oxide layer of approximat@lym
thickness, which was not removed. Substrate sisfasere
ultra-sonically cleaned in acetone and isopropaneiore
loading and in-situ exposed to an argon plasmar gacahe
actual sputter process.

The DC sputter tool used was an AJA Orion-6UD with
inch high-purity Nb (99.95%) target. The argon apective
nitrogen content was fine-tuned and kept constaatratio of
1:9.2. Consequently, the deposition rate amourdetl.2 A/s
confirmed by HRTEM characterization. The substiadéder

nanofilms in order to increase the contrast.

RESULTS ANDDISCUSSION

A. Superconducting properties
High critical temperature as well as a sharp ttarsifrom
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was not heated and remained at ambient temperatt
throughout the entire deposition process. Additignahe
deposition of NbN with 5 nm and 10 nm thicknessoolodire

sheet resistance [Q]

=

2001

——— Si/NbN - cold deposited
= = = GaN/NbN - cold deposited

== SiINbN - kept at 650°C

Si-substrates at temperatures of 650 °C servedrafeeence
for subsequent comparison of the composition andacea
state.

B. Characterization techniques / analysis

The superconducting properties such as criticaptature
T., resistivityp and transition sharpneg3 were obtained with
a dipstick which was slowly lowered into a liquicklium
Dewar while recording the temperature and filmgesice.

6 T T T T T T T
51 DT A &
=" Nb,Os [
= 49 TR
o, 2" NbO, |
w 3] NbO .-” : .

< DL {

2] NbO, _.# 2
------------- & -—T‘ i [
11 No o7 0 s
Pt 1 x=1.03AE ! r
0 MK S S S N S RN SN &

0 1 2 , 3 4 5

Fig. 1. Energy difference in binding energies fdrxQJ compounds. [20]
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Fig. 2. Film's sheet resistance as a function of bath teatpee for Nb!

grown on Si and GaN buffer-layer for heated and sobstrates.

the normal to the superconducting state are inolisaif high
quality growth and desired features for particylafdEB’s.
Those parameters can easily be extracted fromesistance
versus temperature curves. The Fig. 2 is an exadfrhe
resistance response in the temperature range fidro&0 K,
thus emphasizing the transition from the normal the
superconducting state. The critical temperaturdeined as
the drop of resistance to 50 % of its normal statee, usually
taken at 20 K. The red trace shows the NbN filmwgranto
Si substrates utilizing substrate heating at 650 The
transition is within 1.7 K andT, amounts to 9.9 K. In
comparison the film deposited at ambient
temperature exhibits a transition width of 1.4 Khalgh
lower T, of 8.1 K. In contrast to the films deposited ohut
substrates, its normal state resistance is lowebgd
approximately 14 %. This can already be seen asfisignt
improvement over earlier-reported cold-depositedNNbBm

substrate
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on Si substrates with, of 5 K [21]. The NbN film grown onto
the GaN buffer-layer is depicted by the green camve shows
also a narrow transition width of 1.5 K and incehd.
compared to the silicon samples, reaching 10.4 K.

B. Composition and surface analysis

Structural features and
nanofilms were revealed by employing HRTEM analysis
Fig. 3, it can be seen that the NbN nanofilm grgiasially
onto the GaN buffer-layer, despite the ambient sates
temperature. The interface is distinct and onlyyvésw
defects are present. The thickness of the obtaited layer

Fig. 3. HRTEM image of crossection of the NbN/GaN compound
magnified interface. The superimposed diffractiattgrnof NbN and Gal
reveals a mono-crystalline structure and coincld®st perfectly.

amounts to 5 nm with insignificant deviation acraiss film
area, hence confirming
Furthermore, the diffraction pattern has been gerdrfrom
Fast Fourier Transformation of selected areas énthieé film
and compared to those taken from the inside of3hN layer.
The distinguished spots reveal a monocrystallinecaire of
both the NbN and GaN layer and the proper alignngéres
evidence of the epitaxial growth and lattice match.

Fig
native oxide of 2 nm thickness shows small diffédsenriented grainsThe
diffraction pattern is typical for a poly-crystalé growth.

. 4. HRTEM imgae ofNbN grown onto the Si substrate with amorpt

In contrast, a polycrystalline structure was idiesdi for the
NbN films grown onto Si substrates as illustratadFig. 4.
Moreover, the formation of small differently orient grains
can be seen. The interface of the Si substrateNéhlconsist
of approximately 2 nm native amorphous silicon ex&iQ..

The diffraction pattern in this case does not featu
particular spots as typical for the mono-crystalligrowth.
The smeared and circular pattern is accompaniet thié

layer-thickness of the NbN

the expected deposition . rate

poly-crystalline film growth and can be seen as a
superposition of diffraction pattern of the diffatly oriented
grains.

XPS is considered a sensitive surface charactanvat
technique due to the low escape depth of electent is
employed to identify the type of the native oxidettee NbN
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Fig. 5. XPS spectra of the investigated NbN films. The dapreser
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and NbN bonds.
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film surface. The following energy spectra wereetakrom
NbN/Si films of respectively 5nm and 10 nm thickege
grown at 650°C substrate temperature and in thenalesof
substrate heating.

The recorded spectra were superimposed by the péaks
3p3/2, Nb-O and Nb-N bonds. Fig. 5 depicts thatNbe3p3/2
bond is not present in all NbN spectra and thusfioos the
absence of metallic Nb. The measured energy stiftof
4.1 eV of the Nb-O bond relative to the Nb 3p3/2alpe
reveals, according to Fig. 1, the formation of Nb& the
surface of all investigated NbN films. Furthermoeejdence

I
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Fig. 6. Differential inverse mean free path exteddby Tougaard method [25]

of the NBOs peak cannot be found in the recorded data. Note

that the identified Nb-N bond resolves at the sdimling

energy of 361.75+0.07 eV, independently of filmckress
and substrate temperature. The peak-intensitiekeospectra
according Fig. 5 are used to estimate the thiclexess the
oxide layer according to Eq. 1.

| b A
o, =)o, O AN 1] @)
n 2

Where the inelastic mean free pathof NbO, and NbN is
calculated accordingly to [23] and the anglef 57.74 ° is
between the incident X-ray beam and the energyaeal

Relevant data such as energy shift, oxide nature al?

calculated thickness is summarized in Table 1.

TABLE |
EXTRACTED OXIDE THICKNESS AND COMPOSITION OF INVESTGATED SAMPLES
Oxide Oxide

Sample AE [eV] composition thickness [nm]
Nb 4.9 NBOs 15
NbN 5nm cold 4.1 NbQ 0.9
NbN 5nm hot 4.0 NbQ 0.6
NbN 10nm cold 4.1 Nb©O 0.5
NbN 10nm hot 4.1 NbQ 0.6

Summary of extracted energy shift ,oxide compasiaod oxide thickness
for different NbN films grown on Si substrates ahkdent and elevated
substrate holder temperatures.

All investigated NbN films possess the same typeaifve
oxide with similar thicknesses between 0.5 to OB, fin
contrast to the analyzed pure Nb sample withQ4boxide
composition and slightly thicker oxide layer thieles of 1.5
nm.

These findings are also supported by the recordedliS
spectra, analyzed similarly to [24] as seen in Bigsince the
plasmon peaks of all NbN films are coinciding a¢ tame
position of 25.4 eV, thus verifying the identicalnsposition.
Furthermore, the plasmon oscillation peak of Nb©15.2 eV
[20] is present in our NbN spectra, however, netbie in the
one for Nb.

This is extending the understanding of the naturéhe
native oxides of NbN films, which up to now was chitsed
only for films between 600 nm to 1500 nm thickngl€] and

thermal oxidation of bulk NbN material [17,18]. T&he

identified mainly the formation of NIs similar to the
process taking place on the surface of pure Nbedsas they
observed that below temperatures of 450 °C an amooip or
poly-crystalline oxide was formed, which is in agmeent with
the present work.

[V. CONCLUSION

We have proven the possibility to epitaxially gradra-
thin NbN onto GaN buffer-layers at ambient depositi
temperatures. The critical temperature of thegesfiteached
10.4 K and is thus higher than tfig of films grown onto Si
substrates in a high temperature environment.
revealed a seamless interface with low defect deresnd
verified the expected thickness of 5 nm. AdditibnaNbN
was also grown onto bare Si substrates exhibitingf 8.1 K
with narrow normal-to-superconductor transition tichnd
w sheet resistance of 590 Ohm/sq. It has beewrshizat the
stoichiometry of all sputtered NbN films on Si strbtes is
identical, hence independent of growth temperatdreis
altogether will prospectively allow the use of NN more
advanced fabrication processes such as lift-offrantti-layer
structures. XPS and REELS revealed the type ofntitéve
oxide to be of the lower order oxide Np@hich is in contrast
to previously observed NOs present on thicker films and
bulk NbN. These findings have an impact on the hagd
practices of ultra-thin NbN films i.e. the applicet of
appropriate cleaning procedures and surface tredtrie
improve for instance the contact to NbN.

HRTEM
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