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The numerical calculations of the electrical potential distribution and current passing in
the contacts of the high temperature superconductor (HTSC) with semiconductors silicon (Si)
and indium antimonite (InSb) were carried out. There were analyzed the possibilities to pre-
pare the diode detectors (DD) based on these contacts and working at liquid nitrogen tempera-
ture 77.4K.

The comparison of structures based on Si and InSb was carried out. The obtained results
were explained taking into account the physical properties of these semiconductors. Both ad-
vantages and disadvantages of these materials were discussed. The optimum application
spheres were determined for Si and InSb accordingly.

The comparison of the obtained results with existent literature data shows that the pro-
posed DD can be 10+100 times better than the existing devices. Therefore, these DD are per-
spective for cryogenic electronics, and their preparation is a problem of today.

I ntroduction

At present, the perspectives of technical application of the high temperature supercon-
ductors (HTSC) are widely studied. The possibilities to prepare the diode detectors (DD) with
Josephson HTSC junctions have been also investigated. At the liquid nitrogen temperature
T=77 K and signal frequency f = 37.5 GHz the corresponding structures revealed the voltage
responsivity VR=3000 V/W [1]. The further studies [2] allowed preparation of structures with
VR=5000 V/W and noise equivalent power NEP = 2 x 10" W/Hz"? at the signal frequency
f=31 GHz and temperature T=77 K. We suppose that it is possible to prepare DD working at
T=77.4 K being based on the HTSC-semiconductor contacts. These structures are the Schot-
tky super diodes. HTSC is used instead of metal. According to [3] this substitution may suffi-
ciently increase the nonlinearity of the current-voltage dependences (CVD) due to
peculiarities of the electronic density of states in superconductor. These DD can detect the
radio frequency signals and they can provide very high parameters due to this high nonlinea-
rity. The band diagram of this structure is similar to the one in [3]. At present the contacts of
HTSC with semiconducting SrTiO3 [4] and GaAs/AlAs superlattices [5] are already obtained.
Taking into account the experimental problems, the numerical analysis seems to be an urgent
task.

In order to solve this problem the calculation method was developed and the numerical
analysis of the contacts of HT SC-semiconductor (Si or InSb) was made. The potential distri-
bution, current-voltage dependences and DD parameters were calculated. The surface states at
the boundary, the charges of electrons and holes in the narrow gap semiconductors, the super-
conductor tunneling peculiarities and other phenomena were taken into account. The flat con-
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tacts with a 100u? area were considered, and estimated current density in InSb was more than
6 orders less than the critical one [6].

Results and discussion
1. Theinfluence of the free electron concentrationsin silicon

Earlier we have analyzed the dependences of contact properties on the free electron
concentration (FEC) nin InSb for contacts with normal metal and HTSC [7, 8]. In this article
the corresponding analysis for contacts HTSC — Si is presented. Fig. 1 shows the calculated
current responsivity (CR) dependence on FEC in S (at f=1, 10, 30 GHz). In this article, an
exponential form is often used for numbers of axes. For example 3, 00E+19 signifies 3 x 10*°
and 1, 00E-12 is equal to 10,
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Fig. 1. The calculated current responsivity dependence on the free electron concentrations in
silicon. The signal frequency is shown in the figure.

At first the current responsivity increases with FEC rise because the ohmic volume re-
sistance drops faster than the contact capacity resistance. This effect increases the signal volt-
age applied to contact and signal power absorbed in contact and transformed in rectified
current. Consequently, the current responsivity practically does not depend on the signal fre-
quency when FEC is above 5 x 10*° cm™ and signal frequency is below 30 GHz.

On the other hand, when FEC is lower than 3 x 10'® cm™ the potential barriers are wide.
In this situation, the tunneling of electrons near the Fermi level is not important. The main
contribution to the current is due to electrons from higher energy levels, where the anomaly of
superconductor density of statesis negligible.

When FEC rises from 3 x 10" cm™ to 10'° cm™ the potential barriers become narrower,
the electrons near the Fermi level join the electric current, both CVD nonlinearity and current
responsivity rise.
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However, further FEC rise leads to the barrier permeability increase. As a consequence
the CVD nonlinearity and current responsivity reduce. In contacts with FEC above 10° cm™®
the contact current density can exceed the critical one in HTSC [6] and contacts can become
practically ohmic.

2. Thefrequency characteristics

The calculated current responsivity, voltage responsivity and NEP dependences on the
signal frequency are shown in fig. 2, 3 and 4 respectively. In fig. 2 the logarithmic scale for
X-axisis used. In figures 3, 4 the double logarithmic scale is used. Taking into account data
of Fig. 1 and results of [7, 8] the following FEC are considered: n=10" cm for silicon and
n=10" cm*for InSh.
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Fig. 2. The calculated current responsivity dependence on the signal frequency.

Figures 2, 3, 4 show that the current and voltage responsivities decrease and NEP in-
creases at the frequencies higher than 3 GHz for silicon and 10 GHz for InSh. At these fre-
guencies, the negative role of the barrier capacity is revealed and it begins to shunt the
nonlinear contact resistance. On the other hand, at high frequencies the contact capacity resis-
tance becomes comparable with ohmic resistance. The signal power redistribution occurs, it
leads to reduction of the rectified current and DD parameters become worse.

In contact with silicon, both barrier capacity and ohmic resistance are higher than in
contact with InSh. Consequently, the parameters of contact with silicon get worse at lower
frequencies than in contact with InSb.

On the other hand, both working current and noise current in contact with silicon are re-
spectively 600 and 25 times higher than the ones in contact with InSh. Therefore, both voltage
responsivity and noise equivalent power in contact with InSb are much better, because it is
important to increase voltage responsivity and to decrease noise equivalent power [9]. The
physical reasons of this situation are discussed in the next section.
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Fig. 3. The calculated voltage responsivity dependence on the signal frequency.
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Fig. 4. The calculated noise equivalent power dependence on the signal frequency.
3. Material properties

According to the presented results (Section 1 and data [7, 8]) the optimum barrier per-
meability should be determined, because both too wide and too narrow barriers make DD pa-
rameters worse. On the other hand, for situation, when the barrier permeabilities in contacts
with InSb and silicon are approximately equal and WKB approximation is valid, we obtain
the following relation between the contact capacities:

% & /M (1)
i gi ¢Oi m

Here C is a contact capacity, indexes s and i signify silicon and InSb correspondingly, ¢
isarelative dielectric permeability (es~ 11.8, & ~ 18 [10]), ¢, isasurface potential in a semi-
conductor (according to our calculations ¢,, =~ 400 meV and ¢, ~ 100 meV), mis effective
mass of electronsin the conduction band to a tunneling direction.
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In InSb m = 0.0133 my, where my is afree electron effective mass, m isisotropic [10].
In silicon for direction <111> there is ms = 0.26 my (according to [10, 11] and our calcula-

tions). Then we obtain from (1): (% =~ 5.7, therefore the contact capacity in structures with

silicon is larger. The physical explanation is clear: both tunneling effective mass and barrier
height in contacts with silicon are higher than in the ones with InSb, therefore the barrier in
silicon must be much narrower to acquire a permeability equal to the one in InSh. In this
situation the contact capacity grows.

On the other hand in silicon FEC is 3 orders higher than in InSb (see Section 2). But for
these concentrations the electron mobility in InSb (at temperature 77.4 K) is 3 orders higher
than the one in silicon [12, 13]. Therefore, the ohmic resistances in both materials are practi-
cally equal and frequency characteristics are determined by the relation of capacities (see
above).

According to [14] the relation

M <

must be realized in superconductor — semiconductor contacts. Here V is a working point vol-
tage applied to contact, 2A is energy gap width in superconductor, q is electron charge. In our
situation, when the barrier permeabilities in silicon and InSb are approximately equal, both
working point current and its high frequency alterations depend sufficiently on the energy
density of states in the conduction band of the semiconductor. Taking into account data of

[10], we may write the relation:
* 3/2
N(E)s { M ]

N (E) InS anSo

where E is electron energy calculated from the conduction band bottom, N(E) is the energy
density of states, m* is the effective mass of the density of states. According to [10] it is

é‘ @
q

3)

known: mg =~1.08m,, m, o = 0.013m,. Then we obtain the relation: NE)s _ 750. The

InS
noise current is approximately proportional to square root of the contact current [9]. In this
situation it is clear why the current density and noise current in contacts with silicon are suffi-
ciently higher (see Section 2).

On the other hand, the contacts with silicon have their advantages too. Silicon is an
elementary semiconductor, and InSb is a semiconductor compound. Usually the compound
technology is more complicated. The silicon technology was developed well due to silicon
integrated circuits. Silicon is a widespread material, but the components of InSbh, antimony
(Sb) and especialy indium (In) are relatively rare elements [15]. Silicon is a non-toxic mate-
rial, but antimony is atoxic one [16].

Therefore, if the big current responsivity only must be obtained and a signal frequency
islessthan 5 GHz, the use of HTSC — silicon contacts may be an optimal choice.

However, if the high voltage responsivity or NEP is required or a signal frequency is
higher than 5 GHz, the HTSC — InSb contacts seem to be preferable.
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Conclusion

Both HTSC — silicon and HTSC — InSb contacts may be used to prepare DD. The con-
tacts with silicon are optimal to obtain the high current responsivity at the signal frequency
less than 5 GHz.

The contacts with InSb are preferable when it is necessary to improve voltage respon-
sivity or NEP or if asignal frequency is higher than 5 GHz. The main advantages of InSb are
small effective mass and high mobility of electronsin the conduction band.

The comparison with data of [1, 2] shows that in the proposed DD the voltage respon-
sivity can be 60 times higher and NEP can be 100 times less than the ones in existing devices
(at the same temperature and signal frequency). The contact area reduction allows improving
of DD characteristics. Taking into account that the high voltage responsivity and low NEP are
desirable we may conclude that the HT SC-semiconductor contacts have a good perspective
for cryogenic electronics.
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