been- reported (for example by

U. Kabasawa et al. in Japanese Journ. of Appl Phys 29 L86, 1990) but so far only
minor field-effects in high-T, superconductors have been found. However, EP-_A-O 324
044 already describes a three-terminal field-effect device with a superconduetiﬁé channel
in which electric fields are used to control the transport properties o_f._: channel layers
consisting of high-Tg superconductor materials. While this seemed-to":'be a promising
approach, growth studies of such devices have shown that in the suggested configuration
the ultrathin superconducting layers readily degrade during deposrtlon of insulator layer

and top electrode.

It is an object of the present invention to ameliora__te ne or more disadvantages of
the prior art. _ |
According to one aspect of the present inventidﬂ there is provided a superconductor

field-effect transistor comprising: an electrlcall eonductrve substrate of a single crystal

of a material of a crystallographic fam1ly,_f :ald material consisting of niobium-doped
strontium titanate Nb:SrTiO3, with a __dopmg factor of between 0.001% and 10%

niobium, said crystal having a pred""'f rmined crystallographic orientation; a gate

electrode being formed by a contact | to said substrate; an insulating barrier layer on a top
surface of said substrate said msulatmg barrier layer being a second material of said
crystallographic family and havmg the same said predetermined crystallographlc
orientation; a superconductmg thin film layer on a top surface of said insulating barrier
layer; a pair of gold pads ona top surface of said superconducting thin film, a first said
gold pad being a source electrode and a second said gold pad being a drain electrode;
and, an electnca.l-freld-controlled current channel in said superconducting thin film layer
between said palr of gold pads.

Accordlng to another aspect of the present invention there is provided a

superconductor field-effect transistor comprising: an electrically conductive substrate of

a s1ngle crystal of a first material of a crystallograph1c famlly, sa1d crystal having a

:predetermmed crystallographlc orlentatlon"' & gate electrode bemg formed by a contact to
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attié. layer. on ‘4. top. Surface of ssid subirate, said
insulating barrier layer being a second material of said crystallographic family and
having the same said predetermined crystallographic orientation, said second matenal
consisting of strontium titanate SrTiO; having a {100} crystallographic orienta!;iorl, and
being between 0.3 and 100 nm thick; a superconducting thin film layer on a top surface
of sdid insulating barrier layer; a pair of gold pads on a top surface of said
superconducting thin film, a first said gold pad being a source electrode and a second
gold pad being a drain electrode; and, an electrlcal-ﬁeld-contr'olled current channel in
said superconducting thin film layer between said pair of gold pads

Accordmg to still another aspect of the present mventlon there is provided a
superconductor field effect transistor comprising: an electrlcally conductive substrate of
a single. crystal of a first material of a crystallographlc family, said crystal having a

predetermmed crystallographic orientation; a gate electrode being formed by a contact to

said substrate; an insulating barrier laye; ‘on a top surface of said substrate, said

insulating barrier layer being a second “material of said crystallographic family and

having the same said predetermined,:!_""i'ystallographic orientation; a superconducting thin
film layer on a top surface of sa1d msulatmg barrier layer; a pair of gold pads on a top
surface of said superconductmg thm film, a first said gold pad being a source electrode
and a second said gold_ pad bemg a drain electrode; and, an electrlca;fleld-controlled
current channel in said":'ls.i{fili)erconducting thin film layer between said pair of gold pads.

According to Stlll another aspect of the present invention there is provided a
superconductmg ﬁeld—effect transistor comprising: substrate consisting of a layer of gold
on an unde_r_;s;de of an insulating layer; a superconductive thin film on a top side of said
insulating';:-l'gsrer' a pair of electrodes on said superconductive thin film; and a contact on
said layer of gold.

. -According to still another aspect of the present invention there is prov1ded a

method for making a field-effect transistor having an electrical field-controlled current

. .Channel and’ gate, source. and .drain eleCtrOdescomprlsmgthe ‘steps of: ') providing 2
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{-‘100} ‘orientéd Nb- -doped SrTiO3 single: crystal o
that has a-doping factor between 0.001% and 10% niobium, said gate electrode servmg'
as a substrate; b) depositing on top of said gate electrode (2) a {100}-oriented 1ns1_11at1ng
layer (3) of SrTiOs3; c) depositing on top of said insulating SrTiO; laer'_:'_f-'- (3), a
superconducting thin film (1) of YBay Cuz0;_5, wherein 0=8=0.5; d) depos1t1ng oﬁto
said YBayCugOrs layer (1) gold pads (4,5 to form source and drain contacts,
respectively; and e) depositing a gate contact (6) on the. Nb-doped SrT103 gate/substrate
2). '

According to yet another aspect of the present invention tlféi'e is provided a method

for making a field-effect transistor havmg an electncal—field—controlled current channel

and gate, source and drain electrodes comprising the steps of: a) providing a {100}-

oriented StTiO3 layer (7) as an insulator and thmmng sa1d layer down to a thickness of
20 to 30 pm; b) sputtering on top of the thmned msulator (7, a YBa,Cu307 film (8),

wherein 0<6 <0.5 0.5 the thickness of said ttered film (8) being in the range of 1 to

10 nm; c) providing metal pads (9, 10).0n top of the superconductor layer (8) to form

source and drain contacts, respectively: d) depositing a gate electrode (11) onto the back

side of the thinned insulator (7) in-form of a metal layer; and e) applying a contact (12)

ode (11).

at the underside of said gate

The use of mobluﬁl-doped strontium titanate Nb:SrTiO4 —1:1 a high-T,
superconductor structure was described by H. Hasegawa et al. in their paper "Contact
between ngh-T : --Superconductor and Semiconducting Niobium-Doped SrTiO5",
Japanese Journ of Appl Phys., Vol. 28, No. 12, Dec. 1988, pp. L 2210-L 2212, and in
their EP—A—O 371 462. These references describe a diode structure where a
superconduétmg film is deposited onto an Nb-doped SrTiO3 substrate. The authors of
these références are only interested in measuring the rectifying properties and the
resistance in forward and reverse directions. They "demonstrated that there are unknown

interfacial layers between the two materials”, a problem that the present invention

elegantly overcomes. .. ..




been‘grown; electric fields.ca

sum Ly + LDz of the Debye Iength LD— (a skT/q‘n)"z and the wndth of eventual
depletion zones Ly, = N/n. Here, ¢, and ¢, are the dielectric constants of the

vacuum and of the conducting material, respectively, k is the”‘!:Bjoltzma'nn '
constant, T is the absolute temperature, q is the elementary charge n is the
density of mobile carriers, and N the induced areal carrler densuty Because of
their high carrier density, low-T, superconductors usually screen electric fields
so well that the fields only have a minor lnfluence on ‘materials properties. To
attenuate the screening, recent experiments on the electric fleld effect in low-T,
superconductors have focused on compounds with exceptionally low carrier
density, like doped SrTio, , with nloblum as the dopant, for example.

in high-T, superconductor compounds larger field-effects are expected owing
to their intrinsically low ‘carrier concentration and because of their small
coherence length. Th_e__ low carrier concentration of about 3 ... 5 x 102'/cm? leads
fo screening Iengths in the range of tenths of nanometers, and the smail
coherence___le_néfhs allow the fabrication of ultrathin layers With resﬁectable
critical;.-t'je_'nib;eratures. Superconducting films as thin as 1..2 nm have already

etrate such films to-a considerable extent.



’;Detalls of" two embod" jients ‘o he_j_:trans»stor and of the mventlve method wnu._
hereafter be explained by way of example, w&th reference to the attached

drawings in which:

Fig. 1 is a schematic diagram of a first embodiment of a field-effect -t_rarus'istor

in accordance with the invention;

Fig. 2 is a schematic diagram of a second embodiment___-.’étfz an inventive

field-effect transistor;

Fig. 3 shows the I4/V, characteristics of the field-effect transistor of Fig. 1;

Fig. 4 is a diagram showing the dependence of the changes of the channel
' - resistivity as a function of the gate voltage V :

Fig. 5 shows the dependence of the channel resistivity as a function of the

absolute temperature. A L

To apply large electric fields on .'hm films of superconducting YBa,Cu,0, ,

accordance with the mventton"f, n inverted MlSFET-structure as shown in Fig.1

is used In this structure'__‘f:a superconducting film 1 of the thickness s is
separated from a gate electrode 2 by an insulating layer 3 of the thlckness t.
Besides the thlckness of the superconductor, the resnstlwty p; and the
breakthrough field strength Egp of the insulator are crucial parameters. The
required values__for Ego and for p;, can be simply estimated, if space charge
effects are ceg'_i'ected: To induce a surface charge densily in superconducting
film 1 -which' corresponds to the unperturbed density n of mobile charge
carriers, the capacitor consnstmg of gate elecirode 2 and superconductor film 1

has to. be blased wnth @ voltage:
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" CLAIMS

upercondiictor field-effec transistor comprising: - L |
an electrically con(_iuctive substrate of a single érystal of a material of :' a
crystallographic family, said material consisting of niobium-doped strontium .___tit;nate
Nb:SrTiO3, with a doping factor of between 0.001% and 10% niobium, sald crys;tal
having a predetermined crystallographic orientatibn; B

a gate electrode béing formed by a contact to said substrate; |

an insulating barrier layer on a top surface of said substratq,-__-;_éé.i& insulating barrier
layer being a second material of said crystallographic fam11yand having the same said
predetermined crystallographic orientation; .

a superconducting thin film layer on a top surfaceof /said insulating barrier layer;

a pair of gold pads on a top surface of said :sj_.l____.ﬁérconducting thin film, a first said
gold pad being a source electrode and a secopﬁ_l:flééid gold pad being a drain electrode;
and,

an electrical-field-controlled curreqf-_&ﬁannel in said superconducting thin film layer

between said pair of gold pads.
2. 'A field effect transistor as m claim 1 wherein said doping factor of Niobium is
0.05%. o
3. A field-effect transistpf as in claim 1 wherein the crystallographi:—orientation of
said substrate is {100}.
4. A field-effect trans1stor as in claim 1 wherein said contact to said substrate forming
the gate electrode cons1sts of silver diffused in said substrate.
5. A superconﬁﬁctor field-effect transistor comprising:
an eleqﬁf.ic:ally conductive substrate of a single crystal of a first material of a
crystallog;atihic family, said crystal having a predetermined crystallographic orientation;
a gate electrode being formed by a contact to said substrate;

an insulating barrier layer on a top surface of said substrate, said insulating barrier

1ayer being a second material ofsaldcrystallographlcfamlly and having the same said
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predetermmed cryStallographlc orlentatlon,saldsecondmaterlal : cons istiﬁg'. of Stroﬁtill_m
titanate SrTiO3; having a {100} crystallographic orientation, and being between 0.3 and |
100 nm thick; B

a superconducting thin film layer on a top surface of said insulating barrigi;:ﬂléyer;

a pair of gold pads on a top surface of said superconducting thin ﬁlm,a first séid
gold pad being a source electrode and a second gold pad being a drain el_éé&ode; and,

an electrical-field-controlled current channel in said supercon@uéﬁﬁg thin film layer
between said pair of gold pads. -
6. A superconductor field effect transistor comprising: .

an electrically conductive substrate of a single crystal of a first material of a
crystallographic family, said crystal having a predeterqﬁﬁéd crystallographic orientation;

a gate electrode being formed by a contact to sald substrate;

an insulating barrier layer on a top surfaoeof said substrate, said insulating barrier

layer being a second material of said crysta,l!é?raphic family and having the same said

predetermined crystallographic orientatior
a superconducting thin film layer 12 top surface of said insulating barrier layer;
a pair of gold pads on a top:sﬁfface of said superconducting thin film, a first said

gold pad being a source electrq_,c_:lfgz'and a second said gold pad being a drain electrode;

and,
an electrical—field—cgﬁrolled current channel in said superconducting thin film layer
between said pair of goldpads
7. A ﬁeld—effect}-:_fii:r?s.;nsistor as in claim 6 wherein the crystallograpliic orientation of
said substrate (2) -5i$="'{100}.
8. A field—e_f-féét transistor as in claim 6 wherein said contact (60 to said substrate (2) '
forming the gate electrode consists of silver diffused.in said substrate (2).
9. A s_ubéiconducting field-effect transistor comprising:
substrate consisting of a layer of gold on an underside of an insulating layer;

o a superconductlvethmfllmon atop side of Sﬁiii-l'ihs&iétiﬂg 'léyér; '
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a contact on said layer of gold. .

10. A field-effect transistor as in claim 9, said superconductor layer (1, 8) cons_is_.fﬂig of
YBa;Cu307.5, wherein 0=8=0.5 and said superconductor layer has a thickneés in the
range of 1 to 30 nm. . |
11. A method for making a field-effect trans:stor having an electrlcal ﬁeld—controlled-
current channel and gate, source and drain electrodes comprising th_q.-.steps of:

a) providing a gate electrode (2) of a conductive n-type {'100} oriented Nb-
doped SrTiOj3 single crystal that has a doping factor between 0001 % and 10% niobium,
said gaté electrode serving as a substrate;

b) depositing on top of said 'g.ate electrode (2) gt’_f{:iOO}-oriented insulating layer
(3) of SITiOs; g

c) depositing on top of said insulating SrT103 layer (3), a superconducting thin
film (1) of YBay Cu307.5, wherein 0=56=0.5;

d) depositing onto said YBaZCu30-,_5 layer (1) gold pads (4,5) to form source

and drain contacts, respectively; and

e) depositing a gate contact. ;(6) on the Nb-doped SrTiO5 gate/substrate (2).
12. A method as in claim 11,

H__:_;_;-erem said layer (3) of SrTiO3 is ep1tax1ally grown by

reactive rf-magnetron sputtenng at 6.7 Pa in an 02 /Ar atmosphere at 400° to 900° C.

13. A method as in clalm 11, wherein said superconducting film (1) of YBayCu307_s is

epitaxially grown on top of the insulating SrTiOj3 layer (3).
14. A method as’ _1n claim 11, wherein said gate contact (6) is provided by diffusing
silver into the Nﬁlaoped SrTiO; gate/substrate (2).
15. The r_néthbd as in claim 11 wherein said doping factor is 0.05% Nb
16. A method for making a field-effect transistor having an electrical-field-controlled
curren_t éhannel and gate, source and drain electrodes comprising the steps of:

‘a)  providing a {100}-oriented SrTiO3 layer (7) as an insulator and thinning said

layer down to a thickness 6f 201030 pum; -
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wherein 0<8<0.5 0.5 the thickness of said sputtered film (8) being in the rangeof 1to

-'sputtering - of"top:-of - thi” thinned- 1nsulator(7), 2 YBa,Cu307.5. film (8) i

10 nm;

c¢) providing metal pads (9, 10) on top of the perconductor layer (8) to form
_source and drain contacts, respectively; : “ |
d) depositing a gate elqg!:rpﬁe ) onto the back side of the thinned insulator (7)
in form of a metal la__y__e__r;:. and -
e) appl;{iﬁg ’é. c;)ntact (12) at the underside of said gate electrode (11).
17. Amethod as in claim 16, further comprising, providing an insulating substrate (13)



