
Transmission electron microscopy and atomic force microscopy analysis 
of Nb-Al-AlOx-Nb superconducting tunnel junction detectors 

N. Rando,a) P. Videler, A. Peacock, A. van Dordrecht, and P. Verhoeve 
Astroph.ysics Division, Space Science Department oj’ the European Space Agency, ESTEC, 
Noordwtjk, ‘The Netherlands 

R. Venn 
Cambridge Microfab, Cambridge, United Kingdom 

A. C. Wright 
Advanced Materials Research Laboratory, MRIC, North East Wales Institute, Mold Road, 
Wrexham ILlI 2AW United Kingdom 

J. Lumley 
Oxford Instruments, Scientific Research Division, Cambridge, United Kingdom 

(Received 27 June 1994; accepted for publication 4 January 1995) 

The performance of photon detectors based on superconducting tunnel junctions are related to their 
current - voltage (I-V) curve characteristics and, ultimately, to the quality of the thin tunnel barriers 
(of order 1 nm) which separate the two superconducting thin films. Both the optimization of the 
spectroscopic performance of these detectors and the development of a reproducible and high yield 
fabrication route, require a better understanding of barrier quality and growth techniques. 
Transmission electron microscopy (TEM) and atomic force microscopy (AFM) provide valuable 
tools for the investigation of the barrier region and for the control of the quality of the different thin 
films and related interfaces. In this paper, the results of a TEM and AEM evaluation of 
Nb-Al-AlOx-Nb tunnel junctions are reported, together with their interpretation on the basis of the 
I-V curve performance at low temperature (T+0.3 K). Thickness disuniformities of the Al plus 
AlOx overlayer and evidence of barrier defects have been found, which may place constraints on the 
spectroscopic performance of such devices. Through the use of TEM it has also been possible to 
confirm the epitaxial nature of the Nb base electrode. The junction counter electrode however 
appears to be polycrystalline, with a columnar morphology and an average grain width of 40 nm. 
The overall structure of the various layers may well place constraints on the tunneling characteristics 
of the device. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Superconducting tunnel junction detectors (STJ’S) are 
currently under extensive investigation because of their very 
good theoretical energy resolution. At x-ray energies (6 keV, 
X=0.2 nm) the number of charge carriers produced in a su- 
perconducting film by photoabsorption is of order 
106- 107, i.e., about 1000 times higher than in a semicon- 
ductor detector, thereby accounting for the predicted im- 
provement in energy resolution. A photon of energy y pro- 
duces a number of charge carriers N,= Y/E, where E is the 
mean energy required to create a single charge carrier. ‘The 
predicted intrinsic full width at half maximum (FWHM) 
resolution of the detector is then R,(eV)= 2.355fi, 
where F is the Fano factor. In niobium, theoretical models 
indicate F-0.22 and ~=2.64 meV, or E= 1.748, where A 
is the band gap of the superconductor.’ This then corre- 
sponds to R,=4.4 eV at y= k 6 eV. A detailed description 
of the photoabsorption process and of the related quasiparti- 
cle production in a STJ are beyond the aim of this paper and 
can be found elsewhere.‘.’ 

The performance of Nb-Al-AlOx-Nb or Nb-Al-AlOx- 
Al&b STJ’s have been found to be related to the properties 
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of their I-V curves, with particular regard to the subgap cur- 
rent, at bias voltages V-=S2A/e and at temperatures of order 
one tenth the critical temperature T, . The optimum operat- 
ing conditions are given by low subgap currents (often re- 
ferred to as thermal currents), which ensure higher dynamic 
resistances and which allow better signal to noise ratio dur- 
ing the detection of the excess current produced by the pho- 
toabsorption event (in contrast to the thermal current of the 
junction). In addition to an improved noise performance, 
subgap currents which decrease with the temperature are 
symptomatic of better quality films and more uniform insu- 
lating barriers, both essential qualities for improved spectro- 
scopic performance. According to the standard BCS theory, 
at low temperature the subgap current is expected to de- 
crease, because of its dependence on the quasiparticle num- 
ber density, as e-‘lkT. In the case of an ideal SZS junction 
(symmetric device) at low temperature (kT<eV), the pre- 
dicted net current flowing across the tunnel barrier is the 
following:3 

2 -m 
I -- 
‘IS-eRN h J 

p(E)p(E+eV)[f(E)--f(E+eVjldE, 

(1) 
where p(E) = EIdm is the BCS density of states, 
f(E) = ( 1 + eElkr) - t is the Fermi-function and E is the en- 
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FIG. 1. Cross-sectional TEN image of the complete Nh-Al-AlOx-Nh junction multilayer. The measured thickness values are also indicated. 

ergy of the quasiparticle charge carriers. At voltages 
~>A/2e the expression (1) can be approximated to read: 

T,dV,A,T) = 

Here RN is the junction normal resistance. For V<2AIe the 
thermal current is only slowly varying with the bias voltage 
V. The major effort in the fabrication of high quality Nb 
based STJ’s has therefore focused on the reproducible pro- 
duction of devices, with subgap currents decreasing with the 
operating temperature according to Eq. (2). In practice, the 
fabrication of such devices is affected by reproducibility is- 
sues and low yields, while the subgap current - temperature 
dependence-stops at T& 1 K, due to the presence of an addi- 
tional leakage current IL (c.f. Sec. III). The causes of these 
effects are believed to be related to disuniformities of the 
thin oxide layer which constitutes the tunnel barrier. Given 
the extremely low thickness (- 1 nm), which is required for 
high conductance, the tunneling behavior of charge through 
these structures is dependent on both the granularity of the 
relevant interfaces (Al-AlOx-Nb) and spatial variations in 
the actual barrier thickness. The morphology of the thin films 
and their crystalline structure will also play an important role 
in the definition of the barrier characteristics. Spatial disuni- 
formities at grain level are expected not only to affect the 
temperature dependence of the subgap current, but also to 
constrain the quasiparticle diffusion properties, so as to pos- 
sibly degrade the energy resolution of these detectors. 

In this paper we report the results obtained from a com- 
bined TEM and AFM inspection-of both the barrier region 
and the film morphology of highly transmissive Nh-Al- 
AlOx-Nb junctions deposited on a smooth sapphire sub- 
strate. 

II. JUNCTION FABRICATION AND AFM DATA 

The development of a reliable procedure for the fabrica- 
tion of high quality Nb-Al-AIOx-Nb has become of extreme 
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interest for the improvement of STJ’s as well as for a full 
exploitation of Josephson integrated circuits.4 Most work has 
concentrated on the use of niobium because of the existence 
of a well established technology for the deposition of refrac- 
tory, thermally recyclable thin films. Moreover, the critical 
temperature of niobium (T,= 9.25 K for bulk Nb) ensures 
relatively high operating temperatures (of order 1.2 K), an 
issue of clear importance for any future practical application, 

The results reported here refer to samples produced from 
an original sandwich of Nb-AI-AlOx-Nh, deposited on a 
highly polished 13.5X7.5 mm and 0.5 mm thick sapphire 
substrate (R-plane orientation). A number of AFM (atomic 
force microscopej inspections carried out on the substrates 
showed their extremely high smoothness, with surfaces- vir- 
tually featureless and imperfections at atomic level. Average 
roughness values (Ra) below 0.2 nm were recorded over 
sampling lengths of order 1 pm on the surface side of the 
substrate. 

The complete trilayer sandwich is deposited with a 
single pump-down in an UHY chamber at a base pressure of 
about 2X 10e9 Torr by means of a dc magnetron sputtering 
system. The base Nb film is grown lirst, epitaxially, with its 
a-axis almost perpendicular to the substrate pIane. In this 
case the nominal thickness corresponds to 54 nm. A number 
of similar samples have been examined after the Nb base 
electrode deposition by means of x-ray diffraction analysis 
(Weissenberg technique) and they have been found to be 
epitaxial. This result has been also confirmed by a TEM 
analysis. At this stage it was not possible to ascertain the 
smoothness of the first epitaxial Nb layer. 

After deposition of the Nb base, a 5 nm thick Al layer is 
deposited: this is a crucial step in the device fabrication, 
since a uniform Al coverage of the Nb base film is essential 
for achieving the required barrier quality. Any defect or dis- 
uniformity of the Al layer will in fact translate into an un- 
even AlOx barrier and therefore affect the device perfor- 
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FIG. 2. AFM image of the surface heights of a 20 ,urn junction. 

mance. The AlOx barrier is produced by thermal oxidation of 
the Al layer. Detailed measurements performed on equivalent 
devices indicate an estimated barrier thickness of ($7-1.0 
nm. 5 

Finally, a polycrystalline Nb top film of 86 nm was de- 
posited on the AlOx barrier to form the junction counter- 
electrode. Figure 1 shows the TEM cross section of the com- 
plete multilayer including the Nb-sapphire interface. The Nb 
film thickness values measured from the TFM data are in 
good agreement with the expected values based on the cali- 
bration of the deposition system. 

The samples used for the TEM analysis were obtained 
from unprocessed trilayer structures deposited over the com- 
plete substrate area. Several complete STJ’s were also pro- 
duced Tom the original trilayers by using a modified version 
of the SNEP process.6 This has allowed a direct comparison 
between the current-voltage characteristics of the devices 
and the evaluation of the TEM and AFM images. In order to 
fabricate distinct junctions, the trilayer deposition is fol- 
lowed by a preliminary wet etch which defines the device 
geometry. This step is then followed by a plasma etch (PIE), 
which allows the further definition of the top electrode at the 
junction boundary (Nb-AlOx interface). After the RIE proce- 
dure, the device edges are anodized in order to allow a 
proper connection of the junction electrodes. An ion-milling 
of the the top film surface is performed before depositing the 
counter-electrode lead. Depending on the photolithographic 
mask geometry, eight square devices are fabricated on each 
chip, with areas ranging from 12X 12 to 50X50 pm. Typical 
lead widths correspond to 3-5 ,um. Figure 2 shows the AFM 
image of an equivalent 20 pm device. The enhanced rough- 
ness of the area of the base electrode not covered by the top 
film (“underlap”) is due to the combined effect of the reac- 
tive ion etching and the successive anodization procedure. In 
particular, the anodization step is certainly responsible for a 
degradation of the surface smoothness due to the oxide for- 
mation. Inspection of Fig. 2 shows the top Nb film surface to 
be more uniform, with a Ra of order 1.5 run. Figure 3 illus- 
trates the surface profile in a high magnification AFM image 
of the top film and counter-electrode. 

III. THE JUNCTION I-V CHARACTERISTICS 

The results reported in this paper have been obtained 
from devices characterized by highly transmissive barriers, 

HG. 3. The AFM image of the surface heights of the top tilm and lead of 
the 20 ,um device shown in Fig. 2. 

with critical current densities of order 500 A/cm=. These 
barrier characteristics arise from the fact that STJ’s require 
short tunneling times in order to maximize the charge output 
and, as a result, improve the energy resolution.? Such high 
critical current densities do however imply a severe require- 
ment on the barrier quality. Important information on the 
barrier characteristics can be obtained by the analysis of the 
device I-V curve and in particular by monitoring the subgap 
current as a function of the temperature.’ It is worth noting 
that a detailed analysis of the I-V curve of similar devices, 
also with highly transmissive barriers, has revealed the pres- 
ence of subgap structures at V=A/e and V=2Al3e. These 
structures can be interpreted as due to multiple particle tun- 
neling (MPT). This process can only occur as a result of the 
highly transmissive nature of the barrier. While a thorough 
interpretation of these results can be found in Foden et al.,5 it 
is important to stress that the presence of MPT structures 
indicates not only very thin barriers but that disuniformities 
across the device in the barrier thickness are to be expected. 

The I-V data are acquired by means of a very low noise 
and low frequency unit, based on a 16 bit ADC-DAC scheme 
and on an electronically compensated two wire technique. 
The current-voltage curve is scanned in current, while the 
corresponding voltage is directly measured. The system al- 
lows high resolution measurements in the mA to pA range. In 
order to reveal the subgap current details, a magnetic field 
parallel to the junction films of order of - 100 Gauss is 
constantly applied. Accurate measurements have been per- 
formed by means of a 3 He system, down to 0.3 K, with the 
aim to monitor the behavior of the subgap current as a func- 
tion of the temperature. The results are represented in Fig. 4 
for various bias voltages. Note the tunnel current is reduced 
by about five orders of magnitude by decreasing the tempera- 
ture between 2.2 and 0.8 K.7 The different curves in Fig. 4 
refer to currents measured at different bias voltages, below 
the 2Ale point and outside any Fiske step region. The solid 
lines are the best fit curves of the form: 

I subRap(V,A,T);TthiV,A.,T)+l~(V), (3) 

where Irh( V, A, T) is given by Eq. 2 and I,( V), is an addi- 
tional temperature independent leakage current. This leakage 
current I,(V), which is strongly dependent on the bias volt- 
age V dominates at T< 1.0 K. At temperatures higher than 
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FIG. 4. Sub-gap current as a function of temperature at different bias volt- 
ages, ranging from X%=0.2 m V  to Vb=O.X m V  (0.1 m V  steps) for a 20 pm 
device. Note the leakage current densities are as low as J,=O.OS PA/pm’ 

1.5-1.8 K and for V<l mV  the junction shows a nearly 
ideal BCS behavior. The presence of such a leakage current 
liits the ability of the junction to accurately measure the 
small excesses in charge carriers produced as a result of the 
absorption of a photon say in the Nb film. Such a leakage 
current must be related to either the presence of barrier dis- 
uniformities or perimeter anodization problems. We expect 
the absolute value of IL to decrease with increasing barrier 
quality (lower defect density). Figure 5 shows the depen- 
dence of the leakage current IL(V) as a function of the bias 
voltage V. This dependence can be interpreted as the I-V 
characteristic associated with the barrier defects which may 
be observed in high resolution TEM images (c.f. Sec. IV). 

While a more quantitative analysis of ZL( V) as function 
of the bias voltage V cannot be presented at this stage, it is 
important to notice the strong non-linearity of this I-V char- 
acteristic. Barrier defects could be represented by areas hav- 

10000 -7-‘1”’ r =-T ----I 
3 
2% 

0.4 0.6 
Bias Voltage (mV) 

0.8 

FIG. 5. Variation of the leakage current with the bias voltage. The best fit to 
a simple model of the form Ilcok = a + be ‘” is also shown (where a=72 pA, 
b=0.13 pA, and c=12.0 mV-I). 

ing a much reduced AlOx thickness or even small regions in 
which the AlOx barrier is replaced by formation of Nb ox- 
ides. This is typically the case for a nonuniform coverage of 
the Nb base electrode by the Al overlayer, prior to the barrier 
oxidation. The oxidation of Nb is known to be particularly 
differentiated, producing various species, of which NbO has 
metallic properties.’ In this case we could envisage the pres- 
ence of a “parallel” current leakage mechanism character- 
ized by an ohmic behavior, often referred to as “micro- 
short” locations. The presence of a non-linear I-V leakage 
characteristic implies that other conduction mechanisms 
must be involved. We should also note that the presence of 
NbO may cause a band gap reduction in the adjacent Nb (by 
the proximity effect), potentially introducing further disuni- 
formities in the detector response. 

The high resolution TEM image analysis presented in 
Sec. IV aims to identify the causes of this leakage current by 
inspecting the barrier area and the related Nb film interfaces. 
The evaluation of these rest&s, combined with the I-V curve 
interpretation, should in fact assist in the improvement of the 
fabrication procedure of Nb based superconducting tunnel 
junctions. 

IV. THE TEM DATA 

A. TEM sample preparation 

Two piecesof the sample under test, approximately 4 
m m  by 2 m m  were cut from the device using a peripheral 
saw fitted with a diamond wheel. These were then bonded 
together with the junction (layer) sides facing each other us- 
ing high strength epoxy adhesive. To achieve a strong bond, 
the layer side of both pieces was lightly scratched with a 
diamond scriber away from the center of the sections. This 
was found to be necessary as non-scratched material tended 
to debond during later processing steps. To achieve a thin 
(<l pm) glue line by a reduction in the viscosity, the epoxy 
adhesive was cured at 120 “C. The bonded pair was then 
trimmed down to approximately 2.5 m m  by 2 m m , again by 
using the peripheral saw. The shorter dimension was then 
reduced further to a 40 pm thick section using a dimpling 
tool with diamond paste. A flat composite blank was pre- 
pared in this way rather than with one concave face as it was 
then possible to bond this directly to a 3 m m  molybdenum 
specimen grid before removal from the dimpler specimen 
plattern. In this way very thin sections could be prepared 
with minimal risk of breakage during handling. These blanks 
were then thinned to electron transparency by argon-ion mill- 
ing. Briefly, the details are incidence angle of 10 degrees, 
accelerating voltage of 5 keV and 60 ,uA of current per gun. 
Perforation took place after approximately 25 hours after 
which the ion-beam voltage was reduced to 4 keV for 5 
minutes in order to reduce surface damage. 

The specimen was examined at 300 keV on a Philips 
EM430T transmission electron microscope using both dif- 
fraction contrast and phase contrast imaging modes. For the 
latter mode, the instrument has a point resolution limit of 
0.23 nm. 
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FIG. 6. Cross-sectional TEN image of the interface between the epitaxial Nb base film and the sapphire substrate. The lattice fringe spacings of both Nb and 
sapphire are clearly visible. 

B. Results from the TEM tests 

Initial examination of the cross-section confirmed that 
the sample had three layers grown onto the sapphire sub- 
strate as shown in Fig. 1 where the thin barrier layer can 
clearly be seen. 

Selected area electron diffraction revealed that the lower 
Nb layer is epitaxial. In fact the [IOO] Nb is found to be 
parallel to the [l-102] sapphire and the [Oll] Nb and the 
r-1111 sapphire are misoriented by 3.1 degrees. 

By contrast, it was possible to determine that the upper 
Nb layer was polycrystalline with a columnar grain structure; 
the typical grain size being - 40 nm in lateral extent. The 
image shown in Fig. 1 also reveals that the barrier layer 
(Al+AlOx) is not straight as a result of the top surface of the 
epitaxial Nb layer having an undulating nature. This may 
have serious consequences on device performance. 

Examination of the specimen using phase contrast 
clearly revealed the [IlO] fringes (at 0.233 nm spacing) in 

FIG, 7. High m; 
layer are visible 

agnification cross-sectional TEM observation of the barrier layers (Al + AlOx). Lattice fringes similar to those from the lower epitaxial 
through the Al overlayer and are marked with an T . 

Nb 
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the Nb layers. Smaller lattice spacings in the Nb layers than 
these were not resolved. The [lo-l l] and [ 1 l-221 fringe spac- 
ings of the sapphire substrate were also clearly resolved. This 
is seen in Fig. 6 which shows the interface between the sap- 
phire substrate and the epitaxial Nb layer. It is immediately 
apparent that the [ 1101 fringes of the Nb layer are not pre- 
cisely aligned to the substrate normal, being misaligned by 
some 2.5 degrees. In the case of silicon on sapphire, sub- 
strate steps have been cited as the cause of the slight misori- 
entation of the epitaxial silicon layer.’ The actual structure of 
the interface between the epitaxial Nb and the sapphire sub- 
strate cannot be ascertained from this image as there is in- 
sufficient resolution; other, smaller spatial frequencies would 
need to be resolved before this could be attempted using 
computer simulation methods. 

Lattice imaging of the barrier layer (Al+ AlOx) shows a 
granular appearance which is indicative of an amorphous 
structure. However, several parts of the barrier layer were 
found in which lattice fringes were seen to bridge the gap 
between the lower and upper Nb layers as seen in Fig. 7. 
Image processing of this region was used to compute the 
optical power spectrum of the image. Here, the spatial fre- 
quencies corresponding to the lattice fringes are marked and 
it can be seen that the fringes found within the barrier region 
are very similar in spacing to those from the lower epitaxial 
Nb layer. This may well be the origin of the “micro-shorts” 
and thus the leakage current shown in Fig. 5. 

It is not possible from these images to say for certain 
whether there is any unoxidized aluminum adjacent to the 
lower Nb layer. The dark fringe visible at the top of the 
epitaxial Nb layer in some areas is not necessarily due to a 
change in composition: Fresnel fringe effects are often seen 
in high resolution electron micrographs where there are large 
changes in potential. Also, the effects of foil relaxation at 
edges and interfaces have to be considered which would lead 
to changes in local image intensity. 

Further studies using dark field diffraction contrast im- 
aging are underway to enhance the contrast from the unoxi- 
dized aluminum. The results will be reported in a future 
communication. 

C. Image processing of the TEM data 

The TEM images of the barrier region (Al+AlOx) have 
been processed further by means of a high resolution (2400 
lines/mm) scanner with a 8 bit intensity scale. Using an 
‘edge finding’ algorithm on the image we derived quantita- 
tive information on the Al+ AlOx overlayer thickness distri- 
bution and on its longitudinal profile. Figure 8 shows a high 
resolution TEM image in which the interface with the Nb 
films is marked. In Fig. 9 the derived longitudinal profile of 
the Al-Nb film interfaces is plotted. 

Significant variation in this Al+AlOx film thickness is 
observed with a typical overall spatial wavelength of -40 
nm, similar to the grain size of the Nb. Fmer structure vn 
much shorter wavelengths can also be observed. Note in gen: 
era1 the Al and Nb top film interface profile is correlated with 
that of the Nb bottom film -Al interface profile. This implies 
that the surface profile of the epitaxial Nb film was not 
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FIG. 8. High magnification cross-sectional TEM observation of the tier 
layers (Al + AlOx). The sections marked 1-3 are the continuous image of 
the barrier region covering about 170 nm. The white dotted line indicate the 
interface protiIe determined by a computer edge finding algorithm. 

smooth prior to the deposition of the Al film. A peak to 
valley difference of as much as 5 nm can be easily observed. 

The thickness variation of the Al-l- AlOx layer, as defined 
by the edge finding algorithm, has also been analyzed. The 
thickness distribution is shown in Fig. 10. A mean thickness 
of about 3.5 nm can be determined, with an associated stan- 
dard deviation of around 0.7 nm. 

Both from the barrier quality and detector performance 
point of view, the most important parameter is the thickness 
variation of the Al + AlOx layer: a strong variance on the 
thickness distribution could translate into a corresponding 
spatial variance of the barrier transmission characteristics. 
An extreme example is when the Al overlayer thickness is so 
much reduced as to substantially compromise the AlOx cov- 
erage, ultimately producing real barrier leakage. This possi- 
bility is actually reinforced by the inspection of Fig. 7, where 
some areas of the Al + AIOx layer present lattice fringes 
which are very similar to those of the epitaxial base film and 
which appear to bridge the two electrodes. Such features 
would clearly correspond to a defect in the insulating barrier. 

,5,’ % , , I , 1  -1 

t 1 

10 
T 
Ed 
B 
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5 

0 
0 50 100 150 200 

x pas [rim] 

FIG. 9. Al + AlOx overlayer longitudinal protile as found with the edge 
finding algorithm of Fig. 8. 
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FIG. 10. Al + AlOx overlayer thickness distribution as measured from the 
cross-sectional TEM observations. 

Considering the smoothness of the substrate interface and the 
epitaxial growth of the base electrode, the interface between 
the base Nb and the Al overlayer presents a considerable 
waviness: this might be partly responsible for the overall 
thickness disuniformity of Al + AlOx and is one of the is- 
sues to be further investigated, both in terms of the diagnos- 
tic approach as well as the fabrication procedures. Possible 
causes could be related to the base electrode sputtering con- 
ditions. Recent investigations4 have also shown that the 
Nb-Al interface roughness is increased further by annealing 
in a nitrogen ambient at 400 “C, due to Al-Nb boundary 
inter-diffusion effects. These effects are likely to be relevant 
when high temperature fabrication procedures are involved. 
In our case, all the examined samples were fabricated well 
below this temperature regime. 

The measured thickness variations in the Al + AlOx 
overlayer and the presence of crystalline, bridging areas be- 
tween base and top film, indicate a serious possibility of 
spatial variations in the actual AlOx barrier characteristics. 
The presence of spatial variations in the barrier transmissiv- 
ity is a potential cause of degradation in the spectroscopic 
performance of the STJ. It could in fact introduce an addi- 
tional variance on the detected charge on top of that expected 
from Fano charge fluctuations alone. it is in fact worth not- 
ing that a few percent variation in the AlOx barrier thickness 
translates into large changes in the tunneling probability. 

For a single particle of mass m  incident normal to a 
simple one dimensional rectangular potential barrier of thick- 
ness d and potential height 4 relative to the Fermi level the 
tunneling probability can be simply written: 

p,,,~-2dlA)J?.m[4??j (4) 
If the observed relative variance in the Al+AlOx layer of 
uidAlfMOx)/dAlfALOx -20% (Fig. 10) were of a similar or- 
der in the AlOx barrier, then major variations in the tunnel 
probability would exist (Fig. 11). For example based on Eq. 
(4), assuming 4-0.5 eV, P, would follow an exponential 
frequency distribution with a mean and standard deviation 
for the tunnel probability of 8.5X 10e4. The effect of such a 
variation in tunnel probability on the spectroscopic perfor- 
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3 

FIG. 11. Calculated frequency distribution of barrier tunnel probabilities for 
the case of 10 A thick barrier with a relative thickness variance as de- 
scribed by that of Fig. 10. 

mance of the detector is related to the quasiparticle (QP) 
diffusion process which takes place after the photoabsorption 
event. As it is well known, the quasiparticle diffusion length 
depends mainly on the thin film qualities, normally repre- 
sented by the residual resistance ratio (RR@. It is important 
to note that the base electrode (epitaxial film) and counter- 
electrode (polycrystalline film) have very different RRR’s: 
typical values are as high as 100 for high quality epitaxial 
films and of order 5- 10 for lower quality, polycrystalline top 
films. In a first approximation we can use a simple QP trans- 
port model, based on a free electron assumption: in this case 
we find QP mean free paths A ranging from 15 nm (RRR=5) 
to 260 nm (RRR=lOO). Using these values to evaluate the 
diffusion constant at T= I .2 K and calculating the diffusion 
length over a typical event pulse duration (of order 500 ns) 
we find values comparable with the device dimensions (of 
order 20 pm for the top film and 80 pm for the epitaxial base 
electrode). If I is the typical junction dimension and lYtun the 
tunneling rate, we then find 1~ dc. Recent estimates, 
based on highly collimated x-ray illumination on samples 
similar to the ones subjected to TEM and AFM analysis,r” 
indicate a QP diffusion length of about 26 ,um for the base 
electrode lead. 

Considering that these values are much ‘larger than the 
observed barrier disuniformities, we would expect the diffu- 
sion process to overcome any mayor degradation related to a 
position dependent detector response. Nevertheless, highly 
collimated x-ray illumination experiments over 20 or 50 pm 
square devices,” have shown that the spectroscopic perfor- 
mance of STJD’s are remarkably dependent on the photoab- 
sorption site, within a few ,um scale. Further investigations 
are underway, but preliminary indications, combined with 
results provided by low temperature scanning electron mi- 
croscopy analysis,” seem to point in the direction of aniso- 
tropic QP diffusion and relevant edge effects. 

It should be noted that the different film qualities of the 
base and counter-electrode translate into different tunneling 
probabilities as a consequence of different loss mechanisms. 
This factor plays an important role in the definition of the 
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statistical noise associated with tunneling in STJD’s. For 
each film (i= 1 or 2) we can in fact write that the tunneling 
probability Pi is: l3 

r irun 
Pi=ri,t.n+2r~,+17j,,’ 

where ri,Tan is the tunneling rate, I’& is the effective recom- 
bination rate and FirX is a temperature independent loss rate. 
In the general case, where PI # P2 and back-tunneling 
takes place, the tunneling statistical noise can exceed the 
Fano limited noise; moreover, as clearly stated in Ref. 13, 
any position dependence of lYtun or FX is going to increase 
the signal variance. 

No attempt here is made to predict the expected variance 
in the observed charge distribution based on such barrier 
thickness variations since the assumptions on the charge dif- 
fusion would dominate. 

The TEM images have shown that the top Nb film is not 
only polycrystalline, with an average grain size of about 40 
mn but that it is columnar in structure. Another hypothesis 
which is currently under investigation is the possibility of a 
reduced QP transmissivity across the grain boundaries. In 
this case the confinement of charge in a single grain would in 
fact enhance the quasiparticle number density and locally 
depress the order parameter. This effect would be equivalent 
to the formation of a trapping mechanism responsible for 
quasiparticles recombination and, in the end, for a reduced 
detector responsivity.t4 If this hypothesis was correct, the 
overall detector response from the top polycrystalline film 
would be represented by the superimposition of all the single 
gram contributions, with each grain showing its own charge 
confinement and tunneling properties. It is cIear from x-ray 
collimation experiments that spatial variations over dimen- 
sions of below 10 pm are apparent.15T10 The energy resolu- 
tion of the overall detector would ‘therefore reflect the varia- 
tion in the average tunnel probability per grain. In such a 
case major improvements in the resolution of the top film 
may not then be observed unless the collimation was of the 
order of the grain size. 

V. CONCLUSIONS 

TEM and AFM represent indispensable techniques for 
the investigation of the thin tunnel barrier of Josephson de- 
vices and their thin film morphology. In particular, the capa- 
bility of providing, crystallographic information, make the 
TEM a veryvaluable tool for the development of reproduc- 
ible fabrication procedures. The results provided by TEM 
inspections can be effectively complemented by the informa- 
tion deduced from the I-V characteristics of single devices 
and, in particular, with the analysis of the subgap current as 
a function of the temperature. Through this approach, it is 
possible to identify the most probable cause of the leakage 
current as being shorts through the thin barrier from the ep- 
itaxial base Nb film. A detailed series of measurements on 
Nb-Al-AlOx-Nb devices has shown the presence of thick- 
ness disuniformities in the Al+AlOx overlayer, as well as 

the evidence of possible bridging between the base and the 
counter electrode films in specific areas of the tunnel barrier. 
While AIM and also stylus measurements of the sapphire 
substrate material made in air, have shown a high degree of 
surface flatness over long ranges, the presence in the TEM 
images of surface steps at the epitaxial niobium to sapphire 
interface shows that there is a degree of crystallographic mis- 
orientation in the substrate material being used, and this mis- 
alignment may be a contributory factor in the marked topog- 
rapby seen at the epitaxial Nb-AI interface observed. 

In addition the TEM images of the polycrystalline Nb 
top electrode indicate an average grain width of about 40 nm 
with a columnar type structure. 

Finally, these results show how a close feed-back be- 
tween deposition techniques, diagnostic activities, and de- 
vice testing is clearly necessary in order to ensure the devel- 
opment of a mature technology in the field of Nb based 
STJ’s. Such a technology is an indispensable basis for the 
improvement in the performance of superconducting tunnel 
junction detectors. It is in fact clear that their ultimate spec- 
troscopic capabilities will be limited by the disuniformities 
of the barrier coupled to the charge diffusion properties of 
the films as well as by any charge trapping mechanism asso- 
ciated with the film morphology. 
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