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Normal Metal-Insulator-Superconductor Tunnel
Junction with Atomic Layer Deposited Titanium
Nitride as Superconductor

Andrii Torgovkin, Saumyadip Chaudhuri, Jari Malm, Timo Sajavaara and llari J. Maasilta

Abstract— We report the fabrication of 70 - 350 nm thick,
superconducting titanium nitride (TiN,) films using the atomic
layer deposition (ALD) technique, and the subsequent fabrication
of normal metal-insulator-superconductor (NIS) tunnel junction
devices from the ALD films. The films were deposited on a
variety of substrates: silicon, silicon nitride, sapphire and
magnesium  oxide.  Superconductivity, with  transition
temperatures (Tc) ranging from 1.35 to 1.89 K, was observed in
all films. The T¢ was found to depend on both the substrate type
as well as film thickness. Cu-TiO,-TiN, normal metal-insulator-
superconductor (NIS) tunnel junction devices were fabricated
from the TiN film deposited on silicon, using electron beam
lithography and shadow angle evaporation techniques. These
devices exhibit temperature dependent current-voltage
characteristics and good thermometric response from 0.1 K to
slightly above Tc. Nonlinearity in the current-voltage
characteristics was observed even at temperatures as high as 5T,
indicating the presence of a pseudogap in these TiN, films.

Index Terms—Atomic layer deposition, tunnel junctions,
superconductivity, thin film, thermometry, pseudogap.

I. INTRODUCTION

SUPERCONDUCTING aluminum based normal metal-
insulator-superconductor (NIS) tunnel junctions exhibit
impressive low temperature thermometry [1,2] and solid state
cooling capabilities [3-5]. Recently, some advancements in the
performance of such devices were made by replacing Al with
a superconductor having higher transition temperature, T¢, and
hence high value of the energy gap, A. NIS devices with Nb
(Tc ~ 6 K) [6], NbN, (Tc ~ 10.8 K) [7] and TaN, (T¢ ~ 4.5 K)
[8] as the superconductor were fabricated. Here, we discuss
yet another nitride which exhibits superconductivity for NIS
device use, titanium nitride, TiN,.

TiN,, just like the other superconducting nitrides, has
composition dependent properties, with T extending up to 6 K
in the best case [9]. Thus, it may be an alternative for use in
temperature range above that of Al. Superconducting TiN, can
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be deposited by several techniques such as reactive sputtering
[10,11], atomic layer deposition (ALD) [12-14] or pulsed laser
deposition [15]. For this work, we have chosen to use ALD
growth, which can provide homogenous, ultrathin films.

A possible complication with the more advanced materials
is the difficulty of growing a high quality tunnel barrier,
something which comes naturally with Al and its good quality
thermal oxide. In Refs. [6-8], good device characteristics were
only obtained with AIOx barriers grown on Al overlayers,
leading to a proximity effect induced reduction of the gap. The
oxidized surfaces of NbN and TaN did produce tunnel
junctions, but with much larger subgap currents than with
AlOx barriers, which is detrimental to thermometry and
cooling characteristics [8].

In this paper, we report the fabrication of NIS tunnel
junctions from superconducting TiN, thin films grown by
atomic layer deposition. The T. obtained for varying
substrates and film thicknesses between 70 - 350 nm ranged
between 1.3 - 1.9 K, somewhat lower than for ALD films in
Refs. [12,13] grown using plasma-assisted ALD. Interestingly,
the native oxide of the TiN, film was used successfully as the
tunnel barrier. The devices exhibited temperature dependent
non-linear current-voltage characteristics suitable for
thermometry, even at temperatures well beyond the measured
superconducting transition temperature of the film, thereby
confirming the existence of a pseudogap. The native tunnel
barriers, however, seem to be too resistive for cooler
applications.

Il. FILM GROWTH AND CHARACTERIZATION

TiN, films of thicknesses ~ 75, 135 and 350 nm (measured
by AFM) were grown on various types of substrates using
thermal atomic layer deposition (Beneq TFS-200 instrument).
Titanium tetrachloride and ammonia were used as the
precursor gases (in N, flow of 250 sccm), and the growth
temperature was 400°C for all films. The films were deposited
on the following substrates: cubic (100) MgO, hexagonal r-
plane sapphire (Al,Os), silicon nitride (~ 300 nm thick SiN
grown on top of standard silicon substrates using LPCVD) and
bare silicon (with a native oxide layer). The films grown in
these conditions are nitrogen rich, as the Ti:N ratio, measured
from the film grown on Si and SiN substrates by time-of-flight
elastic recoil detection analysis [16], was ~ 1:1.2. From the
analysis, we also obtain the main impurities in the films,
which were oxygen (1-2 at. %), chlorine (1-2 at. %), and
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hydrogen (~0.4 at. %). We note that Tc is known to be a
sensitive function of the nitrogen content at least in the
nitrogen-poor TiN films [9]. More data needs to be collected
on the nitrogen-rich side, but we expect that if stoichiometric
conditions can be approached, T¢ values will increase.
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Fig. 1. Room temperature (a) scanning electron and (b) atomic force
micrograph of TiNy film grown on silicon. The length scale in (a) is
indicated by the horizontal bar on the bottom left. One small division of
the z-scale in (b) is 4 nm. (c) Measured temperature dependence of the
resistance, normalized to its value at 2 K, of TiNy films grown on
different substrates. The red, blue, green and black curves correspond

SiN, Al,0;, MgO, and Si substrates respectively. The open circles,

triangles, squares, and solid circles correspond to film thickness 350, 135,

75 and 70 nm. The respective arrows indicate the transition to the

superconducting state.

The surface topography of the films was investigated using
atomic force (AFM) and scanning electron (SEM)
microscopes. The results, obtained for TiN, films on silicon,
are displayed in Fig. 1 (a) and (b) respectively. AFM images
reveal a smooth surface with a root mean square surface
roughness ~ 0.8 nm over an area of ~ 1um?. This value is less
than half of what is obtained for TiN, films fabricated using
pulsed laser deposition [15]. Grains of uniform size (~ 10 nm)
are visible in both AFM and SEM images.

For resistivity and Hall measurements, the films were
patterned using electron-beam lithography (EBL) and reactive
ion etching (RIE) to obtain Hall bar geometry with a length
500 um and width 100 um. A mixture of CHF; and O, gases
with flow rates 40 and 5 sccm, respectively, were used as an
etchant for TiN,, while copper (50 nm thick) was used as an
etch mask. The resistivity measurements were performed in a
dilution fridge with a lock-in technique, using a bias current of
1 pA at 17 Hz as the excitation in the standard four-probe
configuration.

The temperature dependences of the resistances of the
patterned samples on different substrates, normalized to values
at 2 K, are displayed in Fig. 1(c). All films exhibited
superconductivity, and depending on the substrate type and the
film thickness, the transition temperature (T¢) ranged between
1.35 and 1.89 K. For all substrates, T increased with film
thickness, consistent with previous literature [13,14]. For a
given thickness, the highest Tc was obtained for films grown

on SiN. The T¢ value of films grown on sapphire was slightly
lower than that of their SiN counterparts, while the lowest Tcs
were obtained for films grown on MgO. The 350 nm films
exhibited transition width (AT¢) of about 10 mK. Unlike the
350 nm films, the 75 and 135 nm films do not undergo an

TABLE |
FILM PARAMETERS
Substrate Thickness Transition  Resistivity ~ Electron
temperature  at4.2 K density
(nm) (K) (uQcm) 102 1/m?
Silicon 70 1.35 25 -
Silicon 75 1.55 45 2.7
nitride 135 1.56 970 1.6
350 1.89 470 31
Magnesium 75 1.38 9 2.0
oxide 135 1.50 1850 1.3
350 1.76 380 31
Sapphire 75 1.44 50 3.0
135 1.57 990 15
350 1.85 340 3.1

abrupt transition to the superconducting state. The 75 nm thick
films on sapphire and MgO even exhibited a curious re-
entrace-like behavior with an upturn in resistance before
reaching the superconducting state. However, for reasons not
yet clear to us yet, the obtained AT of the 70 nm film grown
on Si was nevertheless low, ~ 5 mK. The T¢ values for all the
films are listed in Table 1.

For the Hall measurements, the devices were mounted on a
dipstick, surrounded by a superconducting solenoid and
immersed in liquid helium. The Hall and four-probe
longitudinal resistances were recorded as a function of the
magnetic field, using an ac resistance bridge (AVS-47). From
the measurements, we determined the resistivity and the
electron density, with all results listed in Table I. We see that
the resistivity values have a surprisingly large range from 9
pQcm to 1850 pQcm, over two orders of magnitude. Low
electron density is correlated with high resistivity, but the
variation in electron density cannot explain all of the variation
in resistivity (for example, for sapphire, the 75 nm and 350 nm
films have approximately the same electron density, but
almost an order of magnitude difference in resistivity). In
recent [10,11,13,14] studies, typical TiN film resistivities have
been around ~ 100 uQcm. Clearly more work is required to
clarify how and why resistivity can vary so much in our films.
No detectable longitudinal magnetoresistance was observed in
these films, for magnetic fields up to 4 T (not shown).

I11. NIS DEVICE FABRICATION AND CHARACTERISTICS

For the fabrication of the NIS devices, we used the 70 nm
thick TiN, films grown on silicon, with Tc ~ 1.35 K. Using
EBL and RIE, TiN, pads and electrodes were first patterned.
The rf power, chamber pressure and total etch time was 150
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Fig. 2. Temperature dependence of the current-voltage characteristics of a

double TiN4-TiO-Cu junction at various bath temperatures Tga, plotted

in (a) log-linear and (b) linear scale (circles). The blue and green dashed
lines are numerical fits assuming electron temperature Ty =0.1 K, the

brown lines with 0.45 K, and the green solid line with 0.6 K. The 774

values used in the fits are 102 for all curves expect the red dashed (10,

and the brown and green dashed (10?). The other parameters were

2A=0.68 meV and Ry = 1.1 MQ. The horizontal dashed line in (a)

represents a constant current bias of 7 pA. In (b) the non-linearity of the

curve, even at 4.2 K, is clearly visible.

W, 55 mTorr, and 12 minutes, respectively. An overlay
lithography was then carried out to make counter electrodes.
First, the patterned TiN, chip was oxidized, without pre-
cleaning, at 400 mbar of pure O, for 30 mins to form the
tunnel barriers, after which a 100 nm thick copper (Cu) cross
strip was e-beam evaporated in ultra-high vacuum, thereby
forming Cu- TiO,- TiN, NIS tunnel junctions. The final
device consisted of two such individual junctions of
dimensions 20 um x 10 pm and 4 pm x 10 pm connected
in series.

The current-voltage and conductance-voltage measurements
were carried out using a He®-He” dilution refrigerator with a
base temperature of 60 mK. The measurement lines had three
stages of filtering; pi-filters at 4 K, RC low-pass filters at base
temperature, and finally microwave filtering between these
two types of filters with the help of Thermocoax cables of
length 1.5m. For the measurement of conductance
characteristics, a lock-in technique with 0.04 mV excitation
voltage at frequency 17 Hz was used.

In Fig. 2, the current-voltage (I-V) characteristics of the
double TiN,-TiO4-Cu junction device, at various bath
temperatures (Tgan), are shown in (a) log-linear and (b) linear
scales, respectively. We tried to fit the data measured at 0.1
K using the simple theoretical model based on single-particle
tunneling:

! :e;TrQS Ns(g)[fN [S_e;_/j_ fN(€+e;/ﬂ,

where Ry is the total tunneling resistance of the two
junctions, f, (&) is the Fermi function in the Cu wire,

and N
quasiparticle density of states (DOS) in the Dynes model [17]

is the normalized broadened superconducting
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Fig. 3. Temperature dependence of conductance characteristics of a
double TiNx-TiOx-Cu junction at various Tgan plotted in (a) linear and
(b) log scale. (c) Conductance characteristics for larger voltage sweep.
Lines are guides to the eye (green line=constant dl/dV).
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, Where I" is the parameter

Ns(e,Ts) =

Re( e+il ]
J(e+iT)? - A
describing the broadening and A is the superconducting gap.
Unlike in our Nb, NbN or TaN devices [6-8], it was much
more difficult to obtain a good theoretical fit to the data, as
can be seen in Fig. 2(a), especially above the gap. However, to
facilitate comparison with previous studies, we quote the
parameters for the lowest temperature (0.1 K) characteristics:
'/ A=10% 2A=0.68 meV and Ry = 1.1 MQ. The fits in the
subgap region (V < 0.5 mV) improved clearly if the electron
temperature of Cu (Ty) was assumed to be 0.45 K instead of
0.1 K. That observation, however, should not be taken too
literally due to the low quality of the fit at higher voltages V >
0.5 mV. At 0.6 K, no such adjustment of effective temperature
was necessary.  Additionally, although our device has
different individual junction dimensions (asymmetry), the
deep subgap device characteristics are always independent of
the asymmetry level [18] so that broadening parameter I” can
be estimated fairly accurately. Finally, we have also shown
theoretical plots with 774 = 1072 for both Ty =0.1 K and Ty
=0.45 K in Fig.2 (a). As seen, those curves clearly
overestimate the deep subgap current, forcing us to conclude
that the upper bound to the Dynes parameter obtained from
out experimental I-V plots is ~107,

This level of broadening of the DOS is much below what
was observed for Nb, NbN and TaN based devices [6-8]. The
value for A/kgTc is 2.9, which is much above the weak
coupling BCS value of 1.76. Such a high value is in agreement
with what was observed for ALD grown ultrathin TiN films in
scanning tunneling (STM) experiments [19]. The specific
tunneling resistance of our device, calculated by taking into
account the asymmetry of the junction areas, was ~ 37
MQum?. This value is four orders of magnitude larger than for
typical Al-AlO, Cu junctions [8] and is much too high for any
potential cooling applications.

What is interesting to note is that although the measured T¢
of the TiN, film was ~ 1.35 K, the non-linearity in the I-
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V characteristics are visible even at Tg,n, = 4.2 K. This at least
partly explains why the simple single-particle tunneling model
does not work well, and indicates the presence of a pseudogap
in our films. Pseudogap in ultrathin (~ 5 nm) TiN films has
been observed before in STM experiments [20].
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Fig. 4. Thermometry characteristics of the Cu-AlOy-Al-TiNyjunction
pair biased with a constant current of ~7 pA in (a) linear and (b) log
scale.

To study the pseudogap feature more, the conductance
(d1/dV) characteristics of the device at various Tgyy, are shown
in Fig. 3 in (a) linear and (b) log-scale, and on a larger voltage
range in (c). The characteristics are slightly asymmetric in
voltage, and not ideally BCS-like, as the DOS peak is not
really observed. From the log-scale plot it is clearly seen that
for Tean = 0.1 K, the ratio of the zero bias conductance to the
high bias conductance dl/dV(V = 0)/ dl/dV(V>> A) is
approximately 107 consistent with the I-V data. The broad,
pseudogap feature persists in the conductance characteristics
even at Tgyn= 4.2 Kand 7 K, as seen in Fig. 3 (c), from we
roughly estimate the characteristic pseudogap transition
temperature (T") to be about 7 K.

Fig. 4 shows the measured thermometric response of the
device in (a) linear and (b) log-scale, respectively. The
measurement was carried out in the usual configuration,
whereby the device was constant current biased (7 pA), and its
voltage response was measured as a function of Ty, A
typical level of temperature responsivity ~ 0.3 mV/K, from T¢
(1.35 K) down to 0.1 K is clearly seen in (a). Even more
interestingly, a smaller, but finite responsivity is still observed
above T¢, more clearly from the log plot shown in Fig. 4(b).
This responsivity above T is due to the pseudogap.

IV. CONCLUSIONS

In conclusion, we have fabricated superconducting TiNy
films on a variety of substrates, using the atomic layer
deposition technique. The deposited films exhibit good
uniformity, low roughness and small grain size, making it
possible to use them for the fabrication of large area devices.
The superconducting transition temperature was found to

depend on the substrate type as well as the film thickness. The
highest transition temperature was obtained for films grown
on SiN, followed by sapphire and MgO. For a given substrate,
the superconducting transition temperature increased with
increasing film thickness, with the highest value 1.89 K
obtained for 350 nm thick films on SiN. The resistivities of the
films varied by a surprisingly large range from 9 pQcm to
1900 pQcm. More work is required to understand this
variation.

We also fabricated successfully Cu-TiO,-TiN, normal
metal-insulator- superconductor (NIS) tunnel junctions, using
the ALD grown superconducting TiN, films and its oxide as
the tunnel barrier. Good thermometric responsivity was seen
in the current biased configuration, even above T.. This
surprising fact was observed to be caused by a second,
pseudogap feature in the device characteristics, persisting up
to a temperature of T ~ 7 K. Most likely because of the
pseudogap, the simplest single particle theory did not describe
the temperature dependent current-voltage characteristics well.
However, we estimated an upper bound for the broadening
(Dynes) parameter to be ~ 107 which is a good value in
comparison to NIS junctions made from other complex
superconducting materials. On the other hand, the specific
tunneling resistance of the device was very high. If the
specific resistance of the devices could be reduced, and at the
same time Tc tuned a bit higher, then with the observed (or a
lower value) of " high performance solid-state coolers could
be realized.
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