i

%

ELSEVIER

Physica C 278 (1997) 213-222

PHYSICAG

Penetration depth and conductivity of NbN and DyBa,Cu,0,_,
thin films measured by mm-wave transmission

B.J. Feenstra ", F.C. Klaassen *', D. van der Marel *, Z.H. Barber °,
R. Perez Pinaya ¢, M. Decroux °

® Materials Science Centre, Laboratory of Solid State Physics, University of Groningen, Nijenborgh 4, 9749 AG Groningen,
The Netherlands
® Department of Materials Science and Metallurgy, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ, UK
¢ Département de Physique de la Matiere Condensée, University of Geneva, 24, quai Ernest-Ansermet, CH-1211 Geneve 4, Switzerland

Received 3 January 1997; revised 21 March 1997

Abstract

Using mm-wave transmission, information about both the real and imaginary part of the dielectric function of
superconducting thin films is obtained. This is done by fitting the Fabry—Perot resonance spectrum for the film plus substrate
over a broad frequency range (110-180 GHz) using the full Fresnel equations and a two-fluid description for the dielectric
function. Depending on the thickness of the film, the transmission is mainly determined by €'(~1/X?) or €(~ o,). For
NbN a behaviour consistent with the BCS-formalism is found. For DyBa,Cu;0,_, results on films of thicknesses ranging
from 20 to 80 nm are presented. We find a T2 dependence of the penetration depth at low temperatures and a strongly
enhanced conductivity below T, indicative of a strong reduction of the quasiparticle scattering. For the 20 nm film the
transmission is dominated by €”, even down to 60 K. © 1997 Elsevier Science B.V.

PACS: 74.25.Gz; 74.25.Nf, 74.76.Bz
Keywords: Thin films; Penetration depth; mm-wave spectroscopy

1. Introduction

In the process of establishing the symmetry of the
order parameter of the high temperature supercon-
ductors, electrodynamical properties such as the pen-
etration depth (A) and the conductivity (o) are
playing a major role. Most contemporary results on
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the temperature dependence of A have been obtained
at microwave frequencies using a resonant cavity in
a perturbative mode [1-3]. At temperatures lower
than 40 K, Hardy et al. [1] observed a linear tempera-
ture dependence in a YBa,Cu,O4,s single crystal
using a loop-gap resonator at 1 GHz. This depen-
dence was predicted to exist for a superconductor
having lines of nodes in the gap function, as for
instance in case of a d-wave symmetry [4]. The
unconventional pairing symmetry has been con-
firmed by other techniques and properties [5-9] and
it is now generally accepted, although consensus has
not been reached about the exact symmetry.
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The linear behaviour, believed to be intrinsic, was
however initially never observed in thin films. Sev-
eral groups found other dependencies ranging from
T? to exponential [10-13], presumably originating
from extrinsic sources such as resonant impurity
scattering or weak links [4,14,15]. Indeed, in case of
a d-wave superconductor, it has been shown theoreti-
cally that extrinsic scattering sources can turn the
linear temperature dependence into a 72 dependence
[4,14]. De Vaulchier et al. [16] were the first to
report the linear dependence in a YBa,Cu;0,_;
thin film using mm-wave transmission. They also
noticed a correlation between the observation of a
large A, and the 7% dependence, using the absolute
information obtained by this technique. The correla-
tion was interpreted as evidence for the extrinsic
nature of the nonlinear dependence, for example due
to weak links [15].

Other unconventional behaviour at mm-wave fre-
quencies has been observed in the conductivity o,
[17-19]. Unlike the reduced o, expected for a
BCS-superconductor, the conductivity is largely en-
hanced upon entering the superconducting state,
showing a broad peak at temperatures ranging from
30 to 70 K. The peak shows some similarities with a
BCS-coherence peak [20,21], however, the absence
of a Hebel-Slichter peak in NMR-data and the strong
frequency dependence of both its amplitude and
position are indications that an alternative explana-
tion should be used. In particular, the maximum in
o, for the cuprates has been interpreted as originat-
ing from an anomalously strong reduced scattering
rate (y) below T,, such that the conductivity in-
creases despite the decreasing quasiparticle density.
Using Zn-doping in YBa,Cu;0;,5 single crystals,
Bonn et al. [22] were able to show that the maximum
in the conductivity is reduced if the disorder in the
material is increased, since the drop in vy is then
limited by the residual scattering. The strong reduc-
tion of vy indicates that ordinary electron phonon
scattering cannot be the main quasiparticle scattering
mechanism. This is supported further by the linear
temperature dependence of the DC resistivity in the
normal state for the optimally doped material, indi-
cating that the ‘normal’ state does not follow ordi-
nary Fermi liquid predictions.

Measuring thin films using the aforementioned
resonant cavity technique is usually rather compli-

cated, since the only option one has is to utilize the
film as the cavity endplate. This inevitably leads to
leakage, thereby complicating the analysis. It will be
shown in the course of this paper that measuring the
mm-wave transmission through a thin film can be a
good alternative for measuring the electromagnetic
properties. In fact, one is able to obtain absolute
information on both the real and imaginary part of
the dielectric function [23]. Moreover, by selecting
the proper film thickness we can control the sensitiv-
ity such that either the conductivity (o) or the
superfluid density (~ 1/A?) dominates the tempera-
ture dependence of the transmission. It will be shown
that for certain values of the London penetration
depth A, and the conductivity o, one can choose
the film thickness such that even in the super-cono-
ducting state down to low temperatures (~ 60 K) the
influence of the superfluid density is insignificant.

2. Experimental

Our experimental setup is shown in Fig. 1. As a
source we use a Backward Wave Oscillator (BWO),
having a broad frequency response ranging from 110
to 180 GHz, making scans as a function of frequency
feasible. The radiation is first coupled into a wave-
guide, through a modulator and a calibrated attenua-
tor. The former creates the AC response necessary
for the detector, while the latter is used to maintain
the signal level comparable during three sequential
measurements, i.e. thin film on substrate, bare sub-
strate and reference aperture. This ensures that the
response of the detector is linear over the full fre-
quency range. The radiation is then coupled out of
the waveguide using a Gaussian horn, and treated
quasi-optically thereafter. We use a parabolic mirror,
placed slightly out of focus to make a 3:1 image at
the centre of the cryostat (1.5-300 K) where the
superconducting thin film is situated. Another
parabolic mirror is used to make a second focus (1:1)
which can be utilized for room temperature measure-
ments. Eventually the beam is focused onto either
one of two detectors, a highly sensitive liquid “He
cooled Si-bolometer, or a fast waveguide diode de-
tector.

The NbN-film of 55 nm thickness was deposited
on an MgO substrate using DC reactive magnetron
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sputtering. This was done in a gas composition of
3.0% CH,/30.0% N,/Ar, at a temperature of ap-
proximately 840°C [24]. T, was enhanced to 16.5 K,
by the inclusion of carbon. The resistivity ratio (16.5
K /300 K) was close to unity.

The DyBa,Cu;0,_; films of thicknesses ranging
from 20-80 nm, were deposited by RF sputtering on
LaAlO, substrates using the (100) surface. The sub-
strate temperature was 745°C while a mixture of
argon and oxygen gas was used, at pressures of 105
and 45 mTorr respectively. After the deposition the
samples were annealed in 200 mTorr oxygen for 30
min at 450°C. The quality of the surface was checked
with X-ray diffraction, which showed very good
crystallization. Due to the high crystallinity of the
films, the oxygen diffusion process was rather slow,
resulting in a somewhat reduced 7, (88 K) for one of
the films (20 nm).

During measurements three sequential scans as a
function of frequency are taken at a fixed tempera-
ture: thin film on substrate, bare substrate and refer-
ence aperture. The latter is used to yield absolute
transmission coefficients for both sample and sub-
strate, which are then used in the remainder of the
analysis. The transmission through a two layer sys-
tem is given by the Fresnel equations:

where v is the frequency of the incident radiation, p
is the complex index of refraction of the substrate, d
is the thickness of the substrate and:
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Here ¢ = 27-rvdf~/;/c is a complex phase, € is the
dielectric function of the film and d; is the film-
thickness. The reflection and transmission coeffi-
cients at each interface are:
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The multiple reflections in the substrate are incorpo-
rated in the phase factor e'¥, while a similar contri-
bution from the film is included in a phase factor
e, incorporated in the transmission and reflection
coefficients 7o, and py.

First, the interference pattern of the substrate is
used to obtain its full dielectric function (7 = n +ik)
at each temperature. In Fig. 2 the transmission of a
LaAlO, substrate is shown together with the ob-

Tozewtzo 27vd,p tained fit. .Su'bsequently, we continue by modeling
t=———— 5> =— (1) the transmission through the sample using the full
1 =70 P2t ¢ Fresnel equations, the measured optical constants of
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Fig. |. Experimental setup.



216 B.J. Feenstra et al. / Physica C 278 (1997) 213-222

the substrate and a two-fluid model for the dielectric
function of the film:

2 2
Vpn c (5)
e=¢,— : - .
v(v+iv(T))  (27) v (T)
Here p,, is the normal state plasma frequency, y(T)

is the scattering rate, A(T) is the penetration depth
and v is the measurement frequency. We recall that
€"=20,/v above T, and o, —=1/p, for low
frequencies. Furthermore, € = —c2/(vA)? at low
temperatures and is therefore directly related to the
superfluid density of the material. For the measure-
ments presented in this paper, the scattering rate y
remains larger than the measurement frequency v, so
that A and o, have only a weak frequency depen-
dency. mm-Wave experiments under conditions
where v> vy have been reported by Dihne et al.
[25].

In order to see the influence of €' and €” on the
transmission and its temperature dependence, we
consider the idealized but nevertheless instructive
case of a free standing film in the limit that
2mrvde/c|l < 1. The transmission is then given by

. (1 +(27vde”) . ( #vde’)z)_l 6
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Fig. 2. The transmission through a bare LaAlQ, substrate at room
temperature, showing its Fabry—Perot resonance. The optical con-
stants used for the fit were: n =470 and k= 0.

where d is the film thickness. From this expression it
is evident that the thickness plays an important role
in determining the relative significance of the real
and imaginary parts. For very thin films the absorp-
tive term (~ €”) will dominate, while for thicker
films, the reactive term (~ €’) will be most signifi-
cant. From Eq. (6) one can estimate a crossover
thickness (d_):

J 2ce” .
S~ (7
Since the magnitudes of both contributions €' and €”
are very different for a normal metal or a supercon-
ductor (due to the presence of the superfluid), d,
will be different for the two cases. Assuming that
v®> < y?, we find that for a metal d, =
2ey3m "(»v,,)72, while for a superconductor d, =~
3272 v3%c*y 7!, Taking common values for
123-superconductors (y=100 cm™', »=5 cm™/,
Vg = 10* cm™! and A =12000 A), we obtain that
d,~ 2.5 pm in the normal state, while d, = 0.4 A
for T < T,. Consequently, for most thin films the
transmission in the normal state will be determined
by o, while in the superconducting state it will be
determined by A. Equivalently, by fixing the thick-
ness and using the temperature dependence of the
sample properties one can estimate the temperature
range at which both contributions will be equally
important. This will be shown in a more specific
analysis using the measured values for
DyBa,Cu,0,_;, given in the following section.

3. Results

In order to check the reliability of the technique
we began by first measuring a conventional super-
conductor (NbN) to make sure that we would be able
to resolve the intrinsic properties of the thin film. In
Fig. 3 the transmission of the NbN film on an MgO
substrate is shown as a function of frequency, for
several temperatures, both above and below 7,. The
peak in the interference spectrum is determined by
the MgO substrate, having n =3.43 and k=0. We
are able to fit the spectra using the Drude description
of Eq. (5). As expected for a metallic film, €” > |¢’],
while in the superconducting state the opposite is
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valid, |€’'|> €. For the fit we have focused our
attention on the main peak around 135 GHz. Notice,
furthermore, that the interference pattern shows no
major changes besides the reduced amplitude in the
superconducting state.

Plotting the temperature dependence at one partic-
ular frequency (140 GHz) as shown in the inset of
Fig. 3, the dramatic change in transmission at T, is
more easily observed. The temperature dependence
of the transmission coefficient can be fitted very well
using the assumptions that A(T) can be described by
the Gorter—Casimir relation [26], o(T") follows the
Mattis—Bardeen relations [27] and 24 /kyT = 4.0.
The only adjustable parameters used in the calcula-
tion were the normal state conductivity (o (1.7K) =
15000 Q~!'cm™') which determines the absolute
transmission at 17 K, and the London penetration
depth (A, = 400 nm) which determines the transmis-
sion coefficient at low temperatures. Although this
penetration depth is somewhat higher than the lowest

217

reported values of about 100 nm [28], there is con-
siderable variation in the literature due to a wide
range of film structures.

In Fig. 4 the transmission through a 20 nm thick
DyBa,Cu,0,_; film on a LaAlO; substrate is
shown. Similar results as presented below have been
reproduced on a different batch of films. The inter-
ference pattern of the substrate at room temperature
was shown already in Fig. 2. From this n = 4.70 and
k=0 was obtained. As expected, the optical con-
stants are temperature independent for the perovskite
substrate. The additional oscillations present in the
transmission are caused by internal reflections within
the sample-holder. Due to the slightly modified
standing wave pattern, these do not cancel com-
pletely after division by the transmitted signal through
a reference hole.

In contrast to the results for the NbN film, the
interference pattern of a DyBa,Cu;0,_; thin film
changes dramatically when the temperature is low-
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Fig. 3. Transmission through NbN on MgO (thickness = 55 nm, T, = 16.5 K) for 4 different temperatures together with their fit (4 K: solid
squares, 12 K: open squares, 16 K: open triangles and 26 K: solid triangles). Inset: temperature dependence at 140 GHz together with a
BCS-fit using ¢,(17K)=15000 Q™' em™! and A, = 400 nm.




218 B.J. Feenstra et al. / Physica C 278 (1997) 213-222

047 0.1 ————— :
0.08 F £
: 0.06 £ @it
0.3 L E0045¥
5 : /
.a . g3
9 S o
0.2 ;KA A“‘A AAAAA :AA
n L Sy g0 ’
a . “ .
g L M ia .
= L . 270 K %%%A ....... Ao
" s 90 K P Y
0lf _ _ a0k § 5,
—— 10 K &
e e ~
0 — ] )
120 140 160 180 -

Frequency (GHz)

Fig. 4. Transmission through DyBa,Cu;0,_ ;5 on LaAlO, (thickness = 20 nm, 7, = 88 K) for 4 different temperatures together with their fit
(10 K: solid squares, 60 K: open squares, 90 K: open triangles and 270 K: solid triangles). Inset: Transmission of DyBa,Cu,0,_4 (d =134

nm) for three different temperatures (10, 60 and 90 K).

ered. This is due to the stronger change in conductiv- 03 —— 3000 S/cm
ity of the film, thereby altering the matching of the g L asg gfgg‘
impedances of both film and substrate. This effect 3 0.2 - _6?888 g;gg
can be demonstrated by modeling the transmission €
through a similar stratified system, changing either §0.1
the optical conductivity o, of the film, keeping the &
thickness fixed at 20 nm (Fig. 5a), or by altering its
thickness at a fixed conductivity of 3000 Q™! cm™! 0
(Fig. 5b). Both parameters will have a similar effect -
on the transmission since this is mainly affected by 202
their product. For a certain set of parameters the é [
interference effect disappears completely, showing 201
o U,

that the light passes only once through the substrate.
Additionally, the magnitude of the dielectric function
matching this requirement determines the absolute
value of transmission at the turning point. This model
calculation illustrates furthermore that one has to be
careful with the interpretation of transmission curves
measured as a function of temperature at a fixed
frequency. A curve taken at 130 GHz will show a
much larger temperature dependence than a curve

140 160
Frequency (GHz)

180

Fig. 5. Calculated transmission through a layered system (thin
film on a substrate) as a function of conductivity (a), or thickness
(b). For the substrate, the optical constants of LaAlO, were used
(n=4.70 and k = 0), while the film thickness for (a) was 20 nm
and the conductivity for (b) was 3000 Q™' em™%
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taken at 150 GHz, although they will yield the same
intrinsic film properties, once interference effects are
taken into account.

At 150 GHz the transmission is nearly constant at
temperatures higher than 60 K. At lower tempera-
tures the amplitude of the interference peak drops
and its width decreases rapidly. The transmission for
the 34 nm film is depicted in the inset of Fig. 4 for
the same temperatures as the 20 nm film (90, 60 and
10 K). The reduction in transmission at intermediate
temperatures is much larger in the thicker film. As
argued below, this is due to the stronger contribution
of the superfluid in the 34 nm film. The transmission
data for the 80 nm film show qualitatively similar
behaviour.

To fit the transmission data presented in Fig. 4
two different approaches are used. First we start in
the normal state, knowing that there is no superfluid
fraction present (approach A). This yields both ¢’
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and €”, where the sensitivity in the metallic case is
most extensive for €”(~ »2/v). This approach is
continued even when the sample is cooled below T,
where the addition of a superfluid contribution does
not influence the fit for the 20 nm film significantly.
We proceed until the peak becomes too narrow and
fitting is no longer possible. The second approach
(B) is to start at the lowest possible temperature (5
K) and assume that the superfluid fraction is the
dominant contribution. We proceed to higher temper-
atures until the peak starts to broaden and the maxi-
mum remains nearly constant, thus inhibiting fitting
with the superfluid as the only contribution. Obvi-
ously there will be a temperature range for which
both terms are comparable, in which case a quantita-
tive description is more complicated.

In Fig. 6a o, is shown, while in Fig. 6b the total
€', including the superfluid contribution, has been
depicted. Both quantities have been determined at
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7 ' : S05p et
c [ .. X Y
Ly 1r = FoL¢ |
= - ] a O \ P R | L
> - .. 0 100 200 300
~o05F SN Temp. (K)
= : / LI BRI
—~ L L & & 8
o) 0 r g . . L , ! l . . , :
10% 28252544 1oo€ 107 — =99
E - X EE - sam " 8
- A < i
105 & s o0fl
DR Ve m
‘TJ 104? = 0 e .
. 0 100 200 300
1035_ b) Temp. (K)
r N
102 e L BT S
0 100 200 300

Temperature (K)

Fig. 6. (a) Temperature dependence of o, for three DyBa,Cu;0,_; films with different thicknesses (20 nm: solid squares, 34 nm: open
triangles and 80 nm: open squares). The normalized conductivity for a BCS-superconductor having a T, of 92 K is included as the solid line.
The inset shows v, normalized to its RT-value. (b) Temperature dependence of €. The arrows indicate the temperatures where the critical
thickness, d, (inset), is approximately equal to the film thickness (20, 34 and 80 nm from left to right). All quantities have been calculated

at the center frequency, v=5cm™'.
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the centre frequency, v=35 cm™', using o, =
=) )i

v2y(r(pr+ 27 and € = —pi(p? + )7 =
c*(2mrA)~%. To determine o, the values for v,
and y were used, obtained from the fit following
approach A. The solid curve in Fig. 6b corresponds
to an estimate of € based on the expression € =
— 20, /vy which is valid for the Drude model. In the
inset of the upper panel the normalized scattering
rate is depicted. Below 7., o, exhibits a rapid
increase for all films. For comparison, the conductiv-
ity for a BCS-superconductor with a T, of 92 K is
included in the upper panel (solid line). The conduc-
tivity was normalized to the value of o for
DyBa,Cu,0,_; at 92 K. This emphasizes the strik-
ingly different behaviour of the high T, superconduc-
tor. Similar behaviour has been observed before in
YBa,Cu,0,_; [17,18], and is taken to be evidence
of a rapidly suppressed scattering rate y below T..
Since, within the model used, o ~ vpzn/'y, two com-
peting effects determine its temperature dependence.
Below T, the density of normal carriers will be
reduced thereby reducing the plasma frequency, v,,,
while the scattering of quasiparticles will also be
reduced when the temperature is lowered. Having
two different temperature dependencies produces a
maximum in the conductivity. This maximum also
resembles, superficially, a BCS coherence peak but
shows a different temperature and frequency be-
haviour.

The total dielectric response, €', is mainly deter-
mined by the superfluid contribution. For the 20 nm
film €' can not be determined accurately from 50 to
90 K, caused by the insensitivity of the transmission
to v, in this range.

Knowing the approximate values for the dielectric
properties we return to Eq. (7) in order to show that
the earlier claim that the sensitivity shifts from o (T")
to A(T) in this temperature range was valid. Using
Eq. (7) and the measured values for o, and €', the
critical thickness was calculated. The result can be
seen in the inset in the lower panel of Fig. 6. Since
the values used to calculate d, are intrinsic material
properties the curve looks similar using the dielectric
properties obtained for the 34 and the 80 nm film.
Hence, it can be estimated at which temperature the
critical thickness is approximately equal to the film
thickness. These temperatures have been indicated in
Fig. 6b by three arrows, where the thinnest film is
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Fig. 7. Temperature dependence of the resistivity (right hand side)
and the superfluid density A(0)?/AT)? (left hand side) for three
DyBa,Cu;0,_5 films with different thicknesses. (20 nm: trian-
gles, 34 nm: squares and 80 nm: diamonds). In the inset the
temperature dependence of the penetration depth is shown for the
20 nm film. The open symbols are obtained using approach A,
while the close symbols result from approach B.

represented by the lowest temperature. Around these
temperatures both approaches A and B are ineffi-
cient, resulting in a larger uncertainty in the obtained
absolute values of both ¢ and €'.

More results of the fitting procedure are displayed
in Fig. 7 for all three films. The resistivity p is
shown on the right hand side, while on the left hand
side of Fig. 7 the superfluid density (A(0)?/A(T)?) is
plotted. The results at low temperatures have been
obtained using approach B. At higher temperatures p
has been calculated by direct inversion of o, ob-
tained using approach A, assuming that o, can be
neglected. The DC resistivity obtained on samples
prepared under identical conditions showed p(300)
=650 w{) cm and p(T,) = 230 &) cm, which is in
good agreement with the mm-wave data in Fig. 7. In
the normal state the mm-wave data show a linear
temperature dependence of the resistivity, similar to
the DC behaviour. However, the slope tells us that
there is a fairly large residual scattering. For instance
for the 20 nm film the intercept at T= 0 K is about
225 ) cm. Moreover, the slope is about twice as
large as values measured for single crystals (1.05
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pQ em/K vs. 0.45 Q) em/K), indicating that the
difference cannot be explained by merely adding a
temperature independent residual resistivity term.

The absolute penetration depth of the 20 nm film
is shown in the inset of Fig. 7. The penetration depth
shows a T'>-dependence at lower temperatures and a
rather large A_ of 370 nm. The other films show
similar behaviour with a slightly different zero tem-
perature penetration depth (325 and 360 nm for the
34 and 80 nm films respectively). Similar behaviour
was observed before by de Vaulchier et al. [16] and
was taken to be evidence for the extrinsic nature of
the temperature dependence, due to the existence of
weak links within the film. This provides additional
evidence for the d-wave scenario, where the power-
law temperature dependence of A is lifted to a higher
order by the presence of additional scattering. The
slope of the quadratic curve (~0.025 A/K?) is
about the same as that reported for one of the films
in Ref. [16], although due to the extrinsic nature of
the phenomenon there is no need for these values to
be the same.

4. Conclusions

mm-Wave transmission can be used as a compli-
mentary technique to characterize and study super-
conducting thin films on a fundamental level. From
the NbN-data we see that we are able to resolve the
intrinsic behaviour and obtain absolute values for
both the real and imaginary part of the dielectric
function and deduce values for o, (15000
QO 'em™") and A, (400 nm). The temperature de-
pendence follows the expected BCS-behaviour.

Furthermore, the transmission through
DyBa,Cu,;0,_; films of different thickness (20, 34
and 80 nm) was studied. An enhanced conductivity
going into the superconducting state was observed,
indicative of a large reduction in the scattering rate y
just below 7. For the resistivity in the normal state,
the linear behaviour typical for the cuprates was
found. From the intercept at 7= 0 K we learn that
there is an additional residual scattering in the film,
probably due to the same oxygen deficiency that
reduces T, slightly. The London penetration depth is
fairly large for all films (325-370 nm), and has a 72
dependence, consistent with a d-wave symmetry pic-

ture plus an additional extrinsic scattering source.
For the thinnest film (20 nm), the superfluid density
has no influence on the transmission coefficient down
to temperatures well below T,. Therefore the temper-
ature dependence of the transmission is completely
determined by o, even at temperatures down to 60
K. The thicker films show a more conventional
behaviour, where €' indeed dominates the transmis-
sion in most of the superconducting range.
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