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Abstract. Pure and high-quality single-crystal Nb(001) thin films with thicknesses ranging 
from 40 8, to 1000 8, were grown epitaxially on NaCl(001) substrates by an UHV e-beam 
evaporation technique. TEM observations, resistivity and superconducting transition tem- 
perature measurements were carried out. A drastic fall-off in transition temperature and 
conductivity was observed in ultrathin single-crystal Nb films. The results are discussed 
within the framework of the existing theories and a strain-induced ‘double-layer’ model is 
proposed. Data for polycrystalline Nb thin films on glass substrates deposited under exactly 
the same evaporation conditions as the single-crystal films are also presented for comparison. 

1. Introduction 

Recently considerable interest has been generated in thin niobium films [l-121. Because 
niobium has the highest T, of the pure metals, several studies have been done on the 
mechanisms of T, suppression with film thickness reduction [5-71, considering the 
competition between superconductivity and 2~ Anderson weak localisation and 
enhanced Coulomb interaction effects [5-91. 

Until the early 1980s, most experimental data of T, suppression were interpreted in 
terms of the proximity effect due to the existence of a surface sheath of degraded 
superconductivity [ 10-111. In the late 1970s and early 1980s it was also realised that weak 
localisation and interaction effects may play a prominent role in the properties of highly 
disordered thin superconducting films [ 131. Experiments were carried out by Graybeal 
and Beasley [14] and Raffy et a1 [15] on amorphous MO-Ge and W-Re superconducting 
thin films, respectively. Good agreements between their T, suppression and the theory 
of Maekawa and Fukuyama [13] based on interaction effects in 2~ disordered systems 
were found. The experimental data of Quateman [7] confirmed their results. However, 
Moehlecke and Ovadyahu [9] argued that the physical mechanisms responsible for the 
weakening of superconductivity remained rather obscure and there was no conclusive 
evidence that localisation effects played an important role in suppressing super- 
conductivity in their Nb thin films. Recently, Park and Geballe [5] proposed that the T, 
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depression observed in their superconducting Nb thin films as the thicknesses were 
reduced could be attributed to the following effects: the proximity effect, the lifetime 
broadening effect and the weak localisation effect. 

However, research so far has been done only on polycrystalline films, in which 
large variations can exist in their properties due possibly to their different grain sizes, 
impurities, substrate temperatures and types of substrates. Therefore, it is desirable to 
investigate their properties by using pure and high-quality single-crystal thin films. 

In this paper, we report in detail on the epitaxial growth of high-quality single-crystal 
Nb films deposited in UHV electron beam evaporation systems with thicknesses ranging 
from 40 8, to 1000 8,, including transmission electron microscopy (TEM) observations, 
transport properties and transition temperature studies. In section 2, some useful theor- 
etical considerations are briefly reviewed. Detailed sample preparation and measure- 
ments are described in section 3, with results in section 4. In section 5 ,  the theories 
presented in section 2 and a model proposed in this paper are applied to explain the 
data. Finally, conclusions are summarised in section 6. 

2. Theoretical considerations 

2.1. Effect of weak localisation on resistivity 

The scaling theory [16] predicts that in ZD disordered metallic systems all electrons in 
ground states will become localised, however weak the disorder. The precursor of 
this so-called weak localisation (WL) effect results in a logarithmic correction to the 
conductivity at finite temperature: 

A a b  = -(ARD)/(R?l) = [a' 1og(T/TO)1/R2D (1) 
where RZD = nh/e2, Rn is the sheet resistance of the sample and a' is a constant. 

2.2. Mechanisms of T, suppression 

2.2.1. Theproximity effect. Cooper [17] proposed that due to the long superconducting 
coherent length, there is a finite probability for Cooper pairs extending into the normal 
metal (N) from the superconducting metal (S) when S is brought in intimate contact with 
N. This will result in a reduction in the effective interaction (N(0)V) of the NS system, 
The above idea was extended by DeGennes [ 181 who obtained the following formula 
for the effective value of N(0)V in the Cooper limit 5, % d, and &., + d N :  

(N(o)v)eff = [ (N(0 )2V)  NdN + (N(0)2V)Sd,l/[N(o)Nd, + N(0)SdSl (2) 

where the subscripts denote the relevant quantity in S (or N), ij and d are coherence 
length and thickness, respectively. From equation (2) and the BCS Tc formula 

Tc = (8D/1*45) exp[-l/(N(o)V)effl (3) 

it is clear that the value of T, for the NS system will fall off almost exponentially with 
decreasing ds .  (In equation (3) OD is the Debye temperature.) 

2.2.2. The Maekawa-Fukuyama theory. Maekawa and Fukuyama [13] studied the 
effects of localisation on 2D superconductivity theoretically. The theory predicted that 
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an enhanced Coulomb interaction between electrons produced by localisation effects 
resulted in a depression of T, as is expressed in equation (4), 

where 

Here T, and T,, are the transition temperatures of films with and without impurity 
scattering, go is the zero-temperature coherence length corresponding to Tc0 and L is 
the mean-free path associated with elastic scattering. The factor g ,  is a positive coupling 
constant related to the Coulomb interaction. In equation (4a) the first term is due to 
reduction of the density of states and the second term is due to a correction to the 
electron-electron interaction. 

2.2.3. The density of states broadening effect. Many authors have studied the universal 
correlation between resistivity and T,inA15 compounds andin transitionmetals [19,20]. 
In the following we describe briefly the model introduced by Testardi and Mattheiss 
[20] ; increasing resistivity causes a progressive smearing of the peak in the single-particle 
electron density of states at the Fermi level, which in turn results in a reduction in the 
effective density of states: 

where 
Eb = h/(2@ and p K z-1 

S(&) is a broadening function and p is the resistivity corresponding to an averaged 
lifetime t. Combining equation ( 5 )  and the McMillan expression for T, [21], 

it is obvious that increasing resistivity will suppress T, providing that A is proportional 
to ( N ( E ) ) .  In expression (6) A and p*  are the electron-electron coupling constant and 
the screened Coulomb potential, respectively. 

3. Sample preparation and measurement 

The substrates used in this study were fresh air-cleaved single-crystal NaCl(001) and 
glass for comparison. In order to reduce the internal strain, prior to cleavage the NaCl 
was annealed at 400 "C in avacuum of Torr for five to eight hours and furnace-cooled 
down to room temperature. All the glass substrates underwent a rigorous ultrasonic 
cleaning. The deposition took place in a Balzers UMS 500P double-gun electron beam 
evaporation system equipped with a microprocessor. Before deposition, the chamber 
and substrates were baked for several hours. The sources were then outgassed by 
evaporating for a few minutes thereby also forming a gettering layer inside the chamber. 
Then Nb films with thicknesses ranging from 40 A to 1000 A were deposited simul- 
taneously onto NaCl and glass substrates. To prevent Nb from oxidising upon completion 
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Figure 1. Typical dark-field (1 10 beam) electron 
microscopy of Nb thin film with d = 500 A on 
NaCl(001) substrate; the inset is the electron dif- 
fraction pattern. 

of the Nb deposition, each sample was covered with a 30 A layer of silicon. Such a 
deposition procedure was similar to that described by Park and Geballe in [5]. Using the 
mask technique, a well-defined geometry ( 2  x 8 mm2) was produced and subsequently 
four copper strips (with widths of less than 0.2 mm) were deposited to form electrical 
contacts for four-terminal measurements. 

All the films were prepared under the same condition of substrate temperature 
150 "C, deposition rate 2 A s-' and vacuum (2.3-3.8) x lO-'Torr during deposition. 
Both rates and film thicknesses were determined by a calibrated quartz crystal monitor. 

Samples were examined by TEM and electron diffraction, which determined the 
microstructure, lattice constant and epitaxial relationship with the substrate. 

The values of the resistance and T, were measured by a four-terminal DC resistance 
technique. Samples were clamped to a copper block, in which were imbedded a cali- 
brated Lake Shore Cryotronics germanium thermometer and a Lake Shore Cryotronics 
silicon diode thermometer. The block itself was also a small 4He pot that could be 
pumped to 1.9 K. Four leads were indium soldered to thecoppercontacts. The measuring 
current was 2.5 p A  or 10 pA for samples with thicknesses below or above 80 A, respect- 
ively. 

4. Experimental results 

4. I .  Structure 

Figures 1 and 2(a) show the typical dark-field TEM of Nb films with d = 500 A and 
40 Aon the NaCl(001) substrates. The insetsshow the corresponding electron diffraction 
patterns. It is obvious from figures 1 and 2(a) that high-quality single-crystal BCC Nb thin 
films can be grown epitaxially on single-crystal NaCl(001) substrates at a relatively low 
temperature (150 "C), even at a thickness of 40 A. The TEM bright-field image of the 
sample with d = 40 A showed quite a uniform contrast without islands or clusters (figure 
2 ( b ) ) .  We therefore believe the films are uniform so that the measurements reflect an 
intrinsic dependence on thickness rather than indicating inhomogeneities or breaks in 
the thin films. The epitaxial relationship with NaCl is found from high-resolution electron 
diffraction (HRED) observations to be: 

Nb(001) 11 NaCl(001) and Nb[ 1101 11 NaCI[ 1001. (7) 
Measurementsshow that for Nb films with d = 40 A the lattice constant is3.39 ? 0.02 A, 
2.7% larger than that of thick films with d above 120 A and that of bulk samples, which 
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Figure 2. (a) Typical dark-field (110 beam) electron microscopy of Nb thin film with d = 
40 8, on a NaCl(001) substrate; the inset is the electron diffraction pattern. ( b )  The TEM 
bright-field image for a single-crystal Nb thin film with d = 40 %,on a NaCl(001) substrate. 

Figure 3. Electron dllfr'iLtlon pittcrn lor  'I Nb  film with d = XO A on a NaCl(001) substrate. 
Note the two  \ct\  ol \pots which correspond to a,, = 3 79 8, and a,, = 3.30 8, BCC Nb. 

is 3.30 ? 0.02 A. I t  is interesting to note that two sets of spots, which correspond to BCC 
Nb with different lattice constants of 3.39 8, and 3.30 A, were observed in the same 
electron diffraction pattern for films with d = 80 A (figure 3). To our knowledge this is 
the first observation of different lattice constants coexisting in the same epitaxial single- 
crystal Nb films. Moreover, the Nb lattice expansion in ultrathin films on NaCl(001) is 
surprisingly large. A similar lattice constant expansion to 3.350A was observed by 
Claassen et a1 [ 11 in a thin (50 A) Nb( 100) film epitaxially grown on (1702) sapphire 
substrates. As will be discussed below, the large strain in the epitaxial Nb films results 
in anomalous transport and superconducting properties. 

4.2. Resistivity 

The thickness dependence of the resistivity in epitaxial single-crystal Nb films is very 
different from that in polycrystalline films deposited on glass substrates under exactly 
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Figure 6. T, as a function of l/d for single crystal 
(B) and polycrystalline (A) Nb thin films. 

the same evaporation conditions. Results shown in figure 4 indicate that for a thickness 
greater than 80 A, that the resistivity of the epitaxial films is lower than that of the 
corresponding polycrystalline ones. In the latter case, the resistivity varies linearly with 
l/d (d  is film thickness). Below 808,, the resistivities of the epitaxial films tend to 
increase in a much quicker way with decreasing d.  For a single-crystal Nb film with d = 
1000 A, the residual resistance ratio (RRR) is 30 (corresponding to a mean-free path of 
830 8, at low temperatures) which is ten times the RRR in a polycrystalline film with the 
same thickness. Such a high value of the RRR is further evidence that the samples in this 
study are high-quality single-crystal epitaxial films. 

The temperature dependence of the resistivity in epitaxial ultrathin films is also 
different from that in non-epitaxial polycrytalline films. All non-epitaxial films are 
metallic and superconducting even for the films with d = 40 8, (T ,  = 3.4 K). However, in 
the case of epitaxial films with d = 50 A,  a negative temperature coefficient of resistivity 
below 10 K and a sudden superconducting transition near 2 K are observed. The tran- 
sition is not complete at the lowest achievable temperature of 1.9 Kin our experimental 
set-up. For ultrathin epitaxial films with d = 40 A, the superconducting transition dis- 
appears completely down to 1.9 K and a In T increase in resistivity with decreasing 
temperature occurs as shown in figure 5 .  
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4.3. Transition temperature T, 

T, for an epitaxial film with d = 1000 A was measured to be 9.3 K,  the same value as that 
of the bulk sample. T, as a function of l / d  is shown in figure 6. Results for Nb films on 
glass substrates are also given for comparison. It is obvious that the value of T, for 
epitaxial films deviates from the linear dependence on l /d  which was observed for non- 
epitaxial polycrystalline films in this study and other works [6,7]. Above 80 A, the value 
of T, for films on NaCl increases slightly with d,  however, it falls off drastically with d 
near and below 80 A. Similar behaviour has been observed in Nb films deposited on 
single-crystal Si substrates in [lo]. The error bar in figure 6 is an estimated value of T, 
due to the incomplete transition for a film with d = 50 A. Comparison of figure 4 with 
figure 6 shows that the drastic decrease in T, corresponds to a similar change in the 
resistivity for single-crystal Nb films. As shown above, below 80 A there is a large strain 
in the epitaxial films. So the differences of the resistivity and value of T, from non- 
epitaxial polycrystalline films may result from the strain in epitaxial films. The mech- 
anisms governing the suppression of T, both in single crystalline and polycrystalline Nb 
films will be discussed further below. 

5. Discussion 

5.1. Epitaxialgrowth 

The striking feature of the results in this work is the co-existence of different lattice 
constants in one epitaxial Nb thin film. The calculated mismatch between the NaCl 
lattice (a ,  = 5.63 A) and the Nb lattice (ao  = 3.30 A) is about 0.2. Moreover, epitaxial 
growth can occur even with such a large misfit between the substrate and the overlayer. 
This phenomena can be understood within the framework of the coincidence boundary 
model in epitaxial growth theory [22]. 

According to this model, if the lattice misfit is very large and the parameters satisfy 
the following conditions: 

a o / a s  = m/n and n = m i l  (8) 
where n and m are integers, then the interface can be divided into units of length 
ma, (or na,,). In some of the units overgrowth atoms strain to lie at atomic sites in the 
substrate and in the other units interfacial dislocations with Burgers vector of kao/m (or 
f a,/n) are generated. That is, the lattice mismatch between overlayer and substrate is 
accommodated by elastic strain and misfit dislocations. As is predicted by the theory, 
there exists a critical thickness h,: 

GsU- a0 h ,  = 
2(Go + G,)(1 + v) mF (9) 

with 

F = (ma, - nao)/nao (10) 

where G, is the shear modulus and v is the Poisson ratio. When the thickness of the 
overlayer is below h,, then most of the mismatch is accommodated by elastic strain and 
a coherent coincidence boundary is expected. When the thickness of the overlayer is 
above h,, the mismatch is then shared by elastic strains and misfit dislocations. Based on 
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our observed epitaxial relationship (7) and the model described above, the lattice 
overlayers of Nb on NaCl are shown in figure 7. Note that a value of f i a o  (a  ’) instead 
of a. itself should be used in equations (9) and (10). Since a,/a ‘ = 1.206 = Q ,  it is easy to 
calculate the effective misfit to be 0.5%, which is very small. Moreover, it is interesting 
to notice that the strained-lattice constant (ab = 3.39 A) of the film with d = 40 8, still 
satisfies the condition of equation (lo), with a , / ( ~ a h )  = 1.167 = 4. This may explain 
the fact that the strained-lattice constant is 3.39 8,instead of any other value. We suppose 
that the lattice constant of 3.39 8, may be found for films with thickness below h,. 

For a rough estimate of h,, assuming Go = G, and v = 4 in equation (9), we obtain 
the lower limit of h, to be 23 8, (generally Go > GJ. Since the lattice constant of NaC1, 
a,, is much larger than a’ (see figure 7), the above estimate indicates that Nb films with 
d below h, tend to strain elastically to produce a coherent interface on the NaCl(001) 
face, therefore the Nb lattice tends to expand. For films with d above h,, the generation 
of misfit dislocations is energetically favourable and the normal lattice constant (or one 
slightly expanded) will be expected. The picture described above agrees qualitatively 
with our TEM findings. However, the value of h, estimated above is somewhat smaller 
than the observed value, which is around 40 A. The discrepancy may originate from the 
oversimplification of this model where the orthogonal 2D sets of interfacial dislocations 
were assumed in reference [22] to calculate the dislocation energy. 

5.2. Size effect on resistivity and weak localisation 

Resistivity as a function of films thickness is expected to vary linearly with l / d  by both 
the usual size effect theory [23] and the grain boundary scattering theory [24]. This is 
the case for our data of polycrystalline films (figure 4). However, this is not the case for 
our epitaxial single-crystal Nb films. Large deviations from a linear dependence of l /d 
are evident from figure 4, especially in the thickness range below approximately 80 8,. 
As was shown in section 5.1, there exist large strains in epitaxial films with thicknesses 
below 80 A. This may suggest that the ‘anomalous’ thickness dependence of resistivity 
for epitaxial single-crystal Nb films possibly results from the lattice strain in the films. 

The observed logarithmic temperature dependence in resistivity for ultrathin single- 
crystal Nb films with d = 40 A is fitted to the weak localisation correction expressed in 
equation (1), with (Y’ in equation (1) being found to be 1.08, which is in close agreement 
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Figure 9. T,/T,, as a function of sheet resistance 
for polycrystalline Nb films without (A) and with 
(0) BRE correction (see text). 

with both the theoretical value of a' = 1 for non-interacting spin systems and the 
experimental value of a' = 1.1 * 0.1, reported by Moehlecke and Ovadyahu [9].  It is 
worth noticing that although the sheet resistance of our sample (154 a ) ,  is much smaller 
than that of Moehlecke's experiment (4.56 kQ),  both experiments give the same value 
of a'. These results indicate that the value of a' obtained is independent of the sheet 
resistance as is predicted by the weak localisation theory. 

5.3. T, suppression 

Since our Nb films were deposited at a substrate temperature of 150 "C and a 30 A Si 
layer was coated on the surface to prevent Nb from oxidation, following Park and 
Geballe [ 5 ] ,  we believe that proximity effects due to an oxidised layer are reduced so 
that they are the smallest contribution to the T, fall-off in both polycrystalline and single- 
crystal films. However, it will be seen below that a proximity effect due to the strained 
layer can make a dominant contribution to T, suppression in epitaxial films. Reasonably, 
we shall eliminate the former contribution in the following analysis. 

We estimate first the contribution from the lifetime broadening effect [20] (we 
hereafter refer to this as a bulk resistivity effect or BRE). It is interesting to compare our 
T, data with those of N+-implanted thick Nb films with d = 2000 A, in which Camerlingo 
et aZ[25] have shown that the fall-off in T, with increasing residual resistivity po results 
mainly from the BRE. Figure 8 shows T, plotted against the residual resistivity ratio (RRR) 
for our polycrystalline (A) and single crystalline (I) Nb films. The full curve shown is 
the data from Camerlingo et al. Our data points for polycrystalline samples almost fall 
on the same curve of implanted films indicating that the same mechanism of BRE governs 
the T, suppression in evaporated polycrystalline and N+-implanted Nb thin films. Note 
that our data points are slightly off the curve. This implies that there exists a small 
contribution from other effects to be discussed below. 

In the limit of Rn << R,, the Maekawa and Fukuyama [13] theory leads to a pro- 
portional decrease of T,/T,, as a function of sheet resistance Ro. Conveniently we plot 
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Figure 10. T,/T,, as a function of the sheet resist- 
ance for single-crystal Nb films without (A) and 
with (0) BRE correction, and after BRE and prox- 
imity effect corrections (U) (see text). 

T,/T,, against Ro in figure 9. Care should be taken in choosing T,, for comparing 
experimental and theoretical results. Since thickness reduction, as well as resistivity 
increase, result in an enhancement in Ro, and T,, in equation (4a) is itself a function of 
the residual resistivity, T,,(p0), therefore, the BRE correction should be made before 
making an estimate of the contribution from the WL effect. In figure 9, such a correction 
is made by choosing Tco( po) in equation (4a) and in figure 9 from the value of T, at po in 
N+-implanted Nb films (full curve in figure 8). This is reasonable because single BRE 
theory explained the experimental data of Camerlingo et a1 [26] fairly well. It is obvious 
from figure 9 that after the BRE correction the points of T,/Tc0 against R, fall closely on 
the straight line that MF theory predicted. 

Now we turn to analyse the epitaxial single-crystal films. In a similar manner to the 
polycrystalline samples, the BRE and WL effect corrections for epitaxial single-crystal 
samples are performed in exactly the same way. The results are shown in figure 10. It is 
apparent that data points deviate badly from the T,-po curves (figure 8) for poly- 
crystalline and N+-implanted Nb thin films and the straight line in figure 10. The 
important fact is that they all lie much below the curves. These suggest that apart from 
the BRE and WL effects other important mechanisms govern the further depression of T, 
in the epitaxial single-crystal Nb films. 

Recalling our discussions made above (section 5.1) on the striking structural features 
in the epitaxial Nb thin films, we suppose that epitaxial Nb films with d below 80 A 
actually consist of two layers, namely, a superconducting layer S1 (in S1, a. = 3.30 A), 
and a strained or low-T, layer S 2  (in S 2 ,  ab = 3.39 A) with thickness d2 (d = dl + d 2 ) .  
As was pointed out in section 2, the existence of a low-T, layer ( S , )  will reduce the 
effective interaction (N(0)V),ff by virtue of the proximity effect, which in turn, will 
suppress the transition temperature. In the following analysis the bulk resistivity effect 
is formally attributed to the change in effective interaction (N(O)V),, of the S1 layer. 
The following parameters are used in equation (2) to calculate (N(O)V)kh,eO': OD = 
279 K, (N(O)V),, = 0.250 and N(0)s,/N(O),, = 0.7. Fitting the experimental data to 
equations (2) and (3) the value of d 2  is found to be 20 A, which is surprisingly consistent 
with the calculated value of h, of 23 8, inferred from the structural analysis in section 5 .  
After taking account of the contributions from proximity and bulk resistivity effects, the 
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data for T,/T,, against Ro are shown again in figure 10 (U), which agree reasonably with 
the dependence on R, that weak localisation theory predicted. Therefore, the further 
depression of T, in epitaxial Nb films results from the proximity effect due to a strained 
low-T, layer. 

Alternatively, the experimental results may possibly be explained by breaks of 
continuity in our very thin epitaxial films [26,27]. On the evidence of our microscopy, 
we believe the films to be homogeneous so that the measurements presented reflect an 
intrinsic thickness dependence. 

6. Conclusions 

The following conclusions can be drawn from the present study: 

( a )  Pure and high-quality single-crystal Nb(001) thin films down to d = 40 A can be 
grown epitaxially on single-crystal NaCl(001) substrates at relatively low substrate 
temperatures. 

(b )  Large strains due to large lattice mismatch between Nb and NaCl play a dominant 
role in the drastic increase of resistivity of epitaxial single-crystal Nb films with thickness 
below about 80 A. 

( c )  The lifetime broadening effect and Anderson weak localisation effect are respon- 
sible for the depression of T, observed in non-epitaxial polycrystalline Nb films as the 
film thicknesses are reduced. 

( d )  In addition to the above two effects (c), the proximity effect due to the existence 
of the strained layer is another important factor that results in the further suppression 
of T, in epitaxial Nb thin films. 
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