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I nverted SFET Structure and Met hod for Making %ﬂéﬁ PTI ¢

- Thisznvention relates to field-effect trgns ]?tEors w%l:sé;f%urrg}‘% !
channel consisting of high-[err] supercondu |Dmgcrmsa¢re:rpha@bdt he/ﬁ%ﬁ@!é&tﬁ'?.v' ﬂﬁ%ﬁ'

of which can be reproducibly influenced by ?/ REJ 1 S |e),d S¢
structure is that of an inverted M SFET (NEE%%P% Iat%llgé """" to a(?ﬁ%\tﬂgfr})

the sense that the substrate is used as thg YctRageR - h@ Wﬂﬂ@@mlon
further relates to a nethod for naking supq sfcast i ngnabeélﬂf'efofmgéd .......
transistors with inverted M SFET structure. s.—the |
~electronics industry has nade enornous efforts to shrink the size of

el ectroni c conponents and circuits with the aimof increasing the speed of
operation and of reducing the power consunption/dissipation. These efforts

have led to the @Ypﬁér@aﬂ&ﬂétiﬁ Fi&&%f&i%ﬁiét@% Witheihertddl MisFEYer ceramc
devi ces which, in a volune of few cubic mllinmeters, contain many

t housands of transistor SSHHG“UPFR!N Methed f°"cUﬁiSt§WeWﬁssaml¢ese devi ces have

DESCRIPTION -

This invention relates to field-effect transistors having a current channel
consisting of high-T. superconducting material the conductivity of which can be
reproducibly influenced by an electrical field, and whose structure is that of an
inverted MISFET (Metal-Insulator-Superconductor) in the sense that the
substrate is used as the gate electrode. The invention further relates to a
method for making superconducting field-effect transistors with inverted
MISFET structure.

For several decades, the electronics industry has made enormous efforts fo
shrink the size of electronic components and circuits with the aim of increasing
the speed of operation and of reducing the power consumption/dissipation.
‘These efforts have led to the developmént of integrated circuits and. multi-layer
ceramic devices which, in a volume of a few cubic millimeters, contain many
‘thousands of t'ransistors and other circuit components. These devices have
very high operating speeds owing to the shortened distances the electrons
need to travel inside of them. All of the modern circuits use advanced

semiconductor materials, such as silicon and gallium arsenide, for example.

The discovery by Bednorz and Miiller (Z. Phys., B64 (1986) p. 189) of a new
class of superconductor materials has of course opened another avenue to
even lower power consumption and caused a worldwide search for possible

applications of these materials in electronic cir'c-tjitry. A number of studies on
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vefy higgh operating speeds owing to the shortened di stances the el ectrons
need to travel inside of them Al of the nodern circuits use advanced

sem conductor materials, such as silicon and gallium arsenide, for exanple.
The di scovery by Bednorz and Muller (Z. Phys., B64 (1986) p. 189) of a new
cl ass of superconductor materi-als has of course opened anot her avenue to
even | ower power consunption and caused a 2wor | dwi de search for pos§?l:?r9(9 -015
applications of these materials in electronic circuitry. A nunber of

studi es on This Sheet Has Been Re | aced the electric field-effect in
copper oxide compounds have been reported (for exanple by U Kabasawa et

al. din Japar‘l@r%eellﬁl'ﬁﬁ L mPEbfﬁ per’ oxtd co dstévé?ééH rQBbMeH‘ {ter

field-effects in err superco ductors have been foun
EP- A-0 324 Oerpmple ddcahasewa stialr de-Japenesel Joural dobfARRk %Im c%g Wi86h

a_super condufdddyIpahapat drﬂh‘ﬂ{iin‘a'? RISkt inl B R*gﬂs'r asﬂﬁ;e‘:’ﬁ&ﬁdhalo?grﬁa{v%' bddie

transport properties of ch l"ayer s consi sting &f High-[err

super conductfoundattowever, ERRALE 32I4| 844 abready tdesbsbes pribwreeitagminal field-effect
device with a superconducting channel in which electric fields are used to
confrol the transport properties of channel layers consisting of high-T,
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 degfade during deposition of

insulator layer and top electrode.

In accor_dance with the present invention, this drawback is avoided through
deposition .of the superconducting film after the insulating layer, and locating
the gate electrode underneath the insulator and the high-T, film. Still in
accordance with the present invention, a conducting substrate is used as the :
gate electrodéa, and to facilitate the growth of preferably perfect crystals,
substrate and insulator are chosen from the same crystallographic family of '.
materials, that is, the lattice constants of the materials chbsen to at least
approximately match. For example, electrically conducting Nb-doped SrTiO, is
used for the substrate, and undoped SrTiO, is used for the insulator layer.

The use of niobium-doped strontium titanate Nb:SrTiO; in a high-T,
superconductor structure was described by H. Hasegawa et al. in their paper
“Contact between High-T, Superconductor and Semiconducting Niobium-Doped
SrTi0;”, Japanese Jourﬁ. of Appl. Phys., Vol. 28, No. 12, Dec. 1888, pp. L
2210-L. 2212, and in their EP-A-0 371 462. These references describe a diode
structure where a superconducting film is deposited onfo an Nb-doped SrTiO,
substrate. The authors of these references 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.
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approach, growth studies of such devices have shown that in the suggested
configuration the ultrathin superconducting |ayers readily degrade during
deposition of insulator |layer and top electrode. It is an object of the
present invention to aneliorate one or nore di sadvantages of the prior art.
According to one aspect of the present sinvention there is proviggd.gg.o1s
superconductor field-effect transistor conprising: an electrically
conductive substrate of a single crystal of a material of a

crystall ographic famly, said material consisting of niobium doped
strontiumtitanate Nb: SrTiG3, with a doping factor of between 0.001% and
10% ni obi Tiis Bavethtiony $¢ Haskdviongeaperimeatadr evidedce rfpst al $igyifigamt celectric

[ tati ; t | trode b farn A i te;
on noul diTHAHsER s, ABCEYSEd da' Y th Hipr s G BEliyking fing PSS ©
e Bl St giagios s stk g ettt apaybing- iyt S
a superco?HRFEff’PﬂauF_ i f'T‘Iﬂ’?ﬁ!ﬂ‘é)r waaef’ -Surfé%‘etf@ﬁnss f%ﬁ&?@#ﬁﬂﬁ ’
1 gyl ot s et 1
said gol dYBQzFle7misad&F5'|'ihe@Iigcg?tﬁfg; a&gano'éfhﬁ:tppire%?eﬁ‘ PgﬂB?cWﬁ?PB | ed

current chlBRAbnl theé YaficsPesc RN BndiBered td Bel A¥SE to zero (preferred),
but it can-be as large as 0,5. Those skilled in the art of high-T, superconductor
materials will appreciate that many other materials in that class will be equally
suited for the field-effect transistor structures of the MISFET type', as herein
suggesied. Also, other methods for depositing fiims of high-T, materials and of
SrTiO, are known in the art, such as laser evaporation, electron beam

evaporation and molecular beam epitaxy.

thle the acronym “MISFET” is usually employed to characterize
Metal-Insulator-Semiconductor Fi,eld-Effect Transistor structures, this term wili
in the following description be maintained for describing an analogous
structure, although the embodiments of the presént invention to be described
will use different materials, viz. electrically conducting Nb-doped SrTiO; in

place of the Metal, and a superconductor instead of the Semiconductor.

MISFET-type structures have been developed in accordance with the present
invention which allow the application of electric fields larger than 107 V/cm
across insulating' SrTiOa' barri_ers-on ultrathin epitaxially grown YBa,Cu,0,_,
channel layers. Epitaxial growth of YBa,Cu,0,_; by rf-magnetron sputtering is
described in EP-A-0 343 649. In these structures, ihe normal-state resistivity
and the density of free carriers in the YBa,Cu;0,_ ; films can be modified
substantially with gate voitages of on the order of 50 V.

Shortly after the discovery of the high-T, superconductor matefials, Bednorz et
" al. in their above-cited EP-A-0 324 044 predicted on theoretical grounds that
high-T, superconductor mafefials may bear an electric field-effect which is

much larger than that in low-T. superconductor malerials: The length scale by



bet&éen $aid pair of gold pads. According to another aspect of the present
I nvention there is provided a superconductor field-effect transistor
conprising: an electrically conductive substrate of a single crystal of a
first material of a crystallographic fanmly, said crystal having a
predeternined crystallographic orientation, a gate electrode being §ppREd;s
by a contact to This is the replacenent sheet 2a said substrate; an

i nsutating barrier layer on a top surface of said substrate, said
insulating barrier |ayer being a second.material of said crystallographic
famly and having the sanme said predeterm ned crystallographic orientation,
sai d second nwhivh electrortatid fieltisohres stEnednnt cormdadtingSmELEBalsasi given HylfHe}

tall hic orientatjgn, .apd hei t . 3.and 10 i gk
Super condact TR ba i e o e BRBYR 1anatl, Be Berkr o Epad e st ‘eshtyat
| ayer; a pairdépletiondzoass é.ggﬁnimmsw,f@c&wfe, afé dhé Uielsthie wonstgnts NofMthe

fil a first said gol ei ng.,a source, e] ectrode and a secand
m vacuumgang %? xs\]d i ]a?, respectﬁ/e?y, k ?s (%Re Boltzmann

the conducting materi
constant, T is the absolute femperature, q is the elementary charge, n is the
density of mobile carriers, and N the induced areal carrier denéity. Because of
their high carrier density, low-T, superconductors usually screen electric fields
so well that the fields only havé a minor influence on materials properties. To
attenuate the screening, recent experiments on the electric fiel.d-effgct in low-T,
superconductors have focused on compounds with exceptionally low carrier

density, like doped SrTiO,; , with niobium 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. The low carrier concentration of about 3 ... 5 x 10?'/em?3 leads
to screening lengths in the range of tenths pf nanometers, and the small
coherence lengths allow the fabrication of ultrathin layers with resf)ectable
critical temperatures. Superconducting films as thin as 1..2 nm have already
been grown; electric fields can penetrate such films to a considerable extent.

It is an object of the present invention to propose superconducting field-effect
transistors with an inverted MISFET structure whére the superconducting
channel layer is deposited on top of the insulating barrier layer so as to avoid
degradation effects that have been found to impair the functioning of prior art
devices.

it is a further object of the invention to teach a method fof making
superconducting field-effect transistors whose inverted MISFET structure
permits the deposition of the superconducting channel layer after the
deposition of the insulating barrier layer. '

Ll



gol’d padl being a drain electrode; and, an electrical-fiefd-controlled
“current channel in said superconducting thin filmlayer between said pair
of gold pads. According to still another aspect of the present invention
there is provided a superconductor field effect transistor conprising: an
el ectrically conductive substrate of a siggle crystal of a first nsg esoais
of a crystallographic famly, said crystal having a predeterm ned
crystal |l ographic orientation; a gate electrode being forned by a contact to
said substrate; an insulating barrier |ayer on a top surface of said

substrate, said insulating barrier |ayer being a second material of said
cryst al | ogr dpiis &tiHl anather abjach \af thetinkertiontosarapgseciet useviof sopterials for the

crystall Ograﬁmcf@ré?é'?ﬂ&aﬂs‘ﬂ%to? &yefrwﬂfeﬂ%év&%tt (=it %ﬁcﬁpokgzjﬁfelprlh@ Eame

surface of sald insulating barrie ayer; a . pair on a top
surface of slattitescqnstaotsdse aisitg fanillrhatfeldmfahpﬁl’fesﬁw@-al d gol d pad being a
source el ectrode and a second said gold pad being a drain el ectrode; and,

an electrical-field-controlled current channel in said superconducting t hin
filmlayer bbetallsrofstwal epsbadinferdsiaf thadsanstelopraidngf the dnventivenotetbod will

i 61 a- of f ectarBRE oter SAAAERS Yo W, BF R o THRTEARE 14T e huigengy,

on an under sdi@evings &m whiehd at i ng Iayer a superconductive thin filmon a
top side of said insulating |layer; a pair of electrodes on said
superconductive thin film' and a contact on

Fig. 1 is a schematic diagram of a first embodiment of a field-effect transistor

in accordance with the invention;

Fig. 2 is a schematic diagram of a second embodiment of an inventive

field-effect transistor;

Fig. 3 shows the I5/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 Vg; '

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

absolute temperature.

To apply large electric fields on thin films of superconducting YBa,Cu,0, , in
accordance with the invention, an inverted MISFET-structure as shown in Fig.1
is used. In this structure, a superconducting film 1 of the thickness s is
separated from a gate electrode 2 by an insulating layer 3 of the thickness t.
Besides the thickness of the superconductor, the resfstivity p, and the
breakthrough field strength Eg, of the insulator are crucial parameters. The
required values for Eg, and for p, can be simply estimated, if space charge
effects are neglected: To induce a surface charge density in superconducting
" film 1 ;Nhich corresponds to the unperturbed density n of mobile charge

carriers, the capacitor consisting of gate electrode 2 and superconductor film 1

has to be biased with a voltage \

This Sheet 1.
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saitl layer of gold. According to still another aspect of the present
‘invention there is provided a nethod for making a field-effect transistor
having an el ectrical field-controlled current channel and gate, source and
drain el ectrodes conprising the steps of;, a) providing a 2b g 9-90-01

el ectrode (2) of a conductive n-type {106} oriented Nb-doped SrTi St ngl e
crystal that has a doping factor between 0.00 1 % and 10% ni obi um said
gate el ectrode serving as a substrate; b) depositing on top of said gate

el ectrode (2) a {100}-oriented insulatjing |ayer (3) of SrTi(O3; c)
depositing on top of said insulatyhg L3 layer (3), a superconducti

thin film(1) of [err] wherein [err] d?qdepositing onto said YBa2Cu3O/[ err]

| ayer (1) , . r i NnC i y:
and¢) depddnéteh g8 416 qlidchic ¥oReEoh ARG o] R Bhlgh (PBRRNRS YL,
(2). Accor donmodulatet trencahider depsity iof higheT psasenconductens isubstardiadly, sthe
provided a pn:%tdﬁgfj & X Egp of the dielectric constant ¢ and the breakdown field strength
Egp has to be of the order of 10® V/cm. (For comparison, SiO, has an g X Egg

product of 4 x 107 V/cm at room temperature).

In addition, the normal-state resistivity of the insulator has to be sufficiently
high to avoid leakage currents which result in an input loss Vg X lg. For a
typical case of I < I,5/100 and Iy = 10pA, and an area of the gate electrode 2
of 1mm?, the resistivity must be higher than 10" Qcm/g at operating
temperature. ' ' :

In view of these requirements, insuléting layers with high dielectric constants
are recommended. Therefore, and for its good compatibility witlz1 the growth of
YBa,Cu;0,, SrTiO, is selected as barrier material for insulating layer 3. The
compatibility of YBa,Cu,O;, with SrTiO, has already been pointed out in
EP-A-0 299 870 and EP-A-0 301 646, and the use of a buffer layer of oriented :
polycrystalline SrTiO, has been described in EP-A-0 324 220 and
EP-A-0 341 788. The method recommended for fabricating .the MISFET
structure of Fig. 1 with a SrTiO, barrier layer 3 involves the following steps:

1. A gate electrode 2 is provided in the form of a (conductive) n-type
{100} —oriented Nb-doped SrTiO, single crystal grown by a conventional
zone melting technique. The doping factor is between 103 and 5% niobium,
preferably at 0,056% Nb. This gate electrode 2 is used as the substrate for
all further depositions.

it should be pointed out that, while a single-crystal substrate is preferred, a
polycrystalline or amorphous substrate may be used as well. Also, dopants
other than niobium may be used to render the SrTiO, conducting. One
example is an oxygen deficit.



°forinakihg a field-effect transistor having an electrical-field-controlled
current channel and gate, source and drain el ectrodes conprising the steps
of: a) providing a {100}- oriented SrTiO3 layer (7) as an insulator and
thinning said |layer down to a thickness ofy20 to 30 [err] b) sputt gziong-ops
top of the thinned insulator (7), a [err] film(8), wherein O<[err]<0.5 0.5
the thickness of said sputtered film(8) being in the range of 1 to 10 nm
c) providing netal pads (9, 10) on top of the superconductor |layer (8) to
form source and drain contacts, respectively; d) depositing a gate

el ectrode (12) @nttopt olthesubsirate 8t a {200} arianted i insulatingr layey 3 of (TR ols a
netal |ayer; ang.s I
el ectrode (11). %‘%@gg})‘@w’ﬁi %f)?g%tggé g(‘i&é%’ron lr}%%%?@rﬁz%gglegﬁgﬁﬁ &Qﬁ'ﬁr
hi gh-[err] supeatowsphereratsa503Ct Uemmatmresczfrthbeiamiylel—hollel&s)ag'l'ehﬂatMt:kMSs ph
t heir paper " {.ah- ctor and Sem conducti ng
Ni obi um Dopedcfl safa&?gg%ﬁeg rg‘gﬂ%bﬁéﬁéé l’hﬁ?%ﬁﬁ?’% Vol . 28, No. 12, Dec.
1988, pp. L 2210-L 2212, and in their EP-A-0 371 462. These ref er ences
descri be a di,o tr wher e a superconductin g d i d ont 0
o e 2 BBl i Sy an B LR b BE OB &
interested in rmwmamgmfanrcﬁcmﬂ )dfﬁﬁeﬂhﬂﬂet‘hg@i'Tmldybe359ilﬁilmeathbde
forward and reverse directi hhg ef\ rat,ed J hat tfh ei are lllr}knovvn
magnetron sput rmg,w rein eva ue of “90" is preferably equal to zero,

but can be as Iarge as 0,5. The thickness of the superconductor layer can

be in the range of 1 to 1000 nm.

4. Metal pads, for example gold pads 4 and 5; are then sputtered onto the
YBa,Cu;0,_;, top layer 1 to form source and drain coniacts, respectively.

5. Finally, a gate contact 6 is provided by diffusing silver into the Nb-doped
SrTiO, gate/substrate 2.

- Fig. 2 shows a slightly different (but more truly MISFET) structure. The:
preferred way to manufacture this structure involves the following steps:

[ N

. A {100}-oriented SrTiO, layer 7 is provided as an insulator which is
polished down to a thickness of 20...30 um.

2. On top of the thinned insulator 7, a YBa,Cu,0,_; film 8 ié sputtered, wherein
the value of “6” is preferably equal to zero, but can be up to 0,5.

3. Gold pads 9 and 10 are provided on top of the superconductor layer 8 to
form source and drain contacts, respectively.

4. On the back side of the thinned insulator, a conducting gate electrode 11 in
the form of a metal layer, a gold layer, for example, is deposited. It bears
an appropriate contact 12.



interfacial |ayers between the two materials", a problemthat the present
“invention el egantly overcones. 3 SZ 9-90-0 15
This invention is based on experinental evidence for a significant electric
field-effect recently discovered to exist in thin superconducting filns,.
These experinments were perfornmed with matetials of the copper oxi d&Z3- Y5
of superconductors, in particular [err]. Thin filmnms of superconducting
[err] are already known from EP-A-0 293 836. Eptiaxial growh of [err] is
described in EP-A-0 329 103. For the purposes of the present invention, the

val ue of "[erd ] optiddkiivb | I nOx hiafi
It can -be asg'lg gllgﬁlgislyb,agfé)%ﬁéo%ﬁfﬁﬂm%?ib% flﬁgpdarﬁégfn ﬁ'ﬁ gﬁﬁ[jlgpp?@ub&#&te
super conduct or k&t e iitlor skabilityy @ iedicated imEig.@any ot her materials in that
class will be equally suited for the field-effect transistor structures of
the M SFET type, as herein suggested. Al so, other nethods for depositing

films of higlFigerd |showsra alypicahdchdracteristic of the gate current I through the

insulating layer 3 as a function of the applied gate voltage Vg for a device in
accordance with Fig. 1.

The measured characferistic js the one expected for a pin-junction, the
superconductor and the substrate being the p and n electrodes, respectively.
In one sample studied, the insulating barrier had a resistivity of 4 x 10*® Qcm
at a forward bias of 3 V, and of 4x 10" Qcm at a reverse bias of 20 V.
Breakdown field strengths at room temperature of 5 x 105 V/cm and of 1.5 x 107
V/ecm were obtained in the forward and reverse directions, respectively. The
capacitance of this sample was 2 x 107 F/cm? at room temperature. This value
corresponds to a relatively low ¢ =8 (t=40 nmi). This low dielectric constant
may be caused by an insulating surface layer on the Nb-doped SrTiO,
substrate, which was observed in agreement with a report By Hasegawa et al.
in Japan. Journ. of Appl. Phys., 28 L2210 (1988). The layer has a breakdown
voltage of about 2 V. Nevertheless, the ¢ Egp products of the SrTiO, barrier
layers under reverse bias were about 108 V/cm, which is the limit of the values
required by Eq. (1).

The influence of the gate voltage V; on the channel resistance Ryg of a sample
that consists of 10 nm thick YBa,Cu,0,_; film on a 40 nm thick SrTiO, barrier
layer is shown in Fig. 4. Obvious from the diagram is an approximately linear
dependence of the measured normal-state resistivity on the gate voltage, and
that the effect on resistivity changes sign when the gate voltage is reversed.:
The measured polarity of the voltage induced resistance change agrees with
the theoretical expectation: YBa,Cu,0,, is a p-type conductor, hence a
positive voltage V,; at the gate electrode depletes the free carrier concentration
- in the channel and, therefore, increases the channel resistance R,s, whereas a
negative voltage V; at the gate electrode _enhances the free carrier con-

centration in the channel and, therefore, decreases the channel resistance Rgg.



SrTiB are known in the art, such as |aser evaporation, electron beam

" evaporation and nol ecul ar beam epitaxy. Wiile the acronym"M SFET" is
usual | y enpl oyed to characterize Metal -1 nsul at or-Sem conduct or Fi el d- Ef f ect
Transi stor structures, this termw |l in the foll ow ng description be
mai nt ai ned for describing an anal ogous strpucture, although the enbg?brgﬁ
of the present invention to be described wWill use different materia
el eetrically conducting Nb-doped SrTiO3 in place of the Metal, and a
superconductor instead of the Sem conductor. M SFET-type structures have
been devel oped in accordance wth the present invention which allow the
application of electric fields larger than 107 V/cm across insulating
SrTi 3 barri ers on ultrathin epi taxi ally grown [err] channel |ayers.

Epi t axi al f [ tro er i rib A-0O
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of free carrtoreticalt prediction: Apd»llymg:an Vo rthelishgile thblstvast iised Yo Wgerergtd e

vol tages of gn the order _qf 50 V. Shortly. after .the discovery of the

i gh-Corr) sCBrBRR0EER Hasa chRpchapsaibE-x 8- Bemf TGS a RiARHE rsthe

EP- A- 0 324 OdtechiotdideneityOlont tRer eflécirbdes osndsx t108fcm2. On the other hand,
YBa,Cu,0,_; has a carrier density of about 3 —5x10%/cm? and this
corresponds to an areal density of mobile holes in the 10 nm thick channel
layer of 3 —5x 10'%/cm? . This means that, within experimental error, at any
temperature a change of the free carrier density in the channel results in a

correspbnding change in Rpg.

The temperature dependence of the resistivity Rys(T) of the YBa,Cu,0,_; film is
shown in Fig. 5. The sample is typical for all devices of the type shown in
Fig. 1. ‘

The temperature dependence of the voltage-induced variation of the channel
resistance change ARy s/Rps (Vg T) for this sample is depicted in Fig. 4. As
shown by this figure, within experimental scatter, the fractional change of the
channel resistance ARys/Rps is almost constant as a function of temperature. A

temperature-independent ARys/Rps(Vs) ratio is observed down to T, (Rps = 0).

The change of the channel resistance induced by the gate voltage Vg
corresponds to a change of the Ry (T) characteristic at midpoint T, of 50 mK
forV,; = 18 V.

From the measurements taken with several sample embodiments of the
field-effect transistor in accordance with the invention, it has been determined
that the operating gate voltage Vg should be in the range between 0,1 and 50
V, the thickness s of the superconducting film should be in the range between
1 and 30 nm, and the thickness of the insulating layer should be in the range
between 0,3 and 100 nm. -



hi gh-[err] superconductor materials may bear an electric field-effect which
“is much larger than that in low[err]: superconductor materials: The | ength
scal e by 4 which electrostatic fields are screened in conducting
materials_ is given by the sum([err] + [err] of the Debye length [err] =
[err] and the width of eventual depletidn zones [err] = N n. Her &Z F-&-015
and [err] are the dielectric constants of the vacuum and of the conducting
mat-erial, respectively, k is the Boltzmann constant, T is the absolute
tenperature, q is the elementary charge, n is the density of nobile

carriers, and N the induced areal carrier density. Begause af thei '
carrier deridfl tjake syreethat t@ﬁpﬂl‘!@h’ﬁ%tﬂﬁga%gﬂl?@éﬁ‘é@ﬁe é’i"i'&ttﬁ%cb{%e%s
so wel | t hghybhfoh iRHEED ParbriR¥s expBchsy, ileNthatemecc@itenbfiewiial the channel
properties. To attenuate the screening, recent exper,i [He.gﬁs on thﬁ_ag‘la%\ctrl o

fiel d-ef f ecan nasigallyerhy sepiseledq by dhe reledrical udstd-siedonsBa 'PH
except i onal |k GHirkaNts 1Rive 888 hiadd hkfoidared SrTiO8 , with niobiumas the

dopant, for exanple.

1. Measurement of Rys(Ve) on samples that had barrier layer resistances
which were lower by a factor of 500 (at 20 V) than the sample yielding the
curves in Fig. 4. This measurement showed the same Rpys(Vo)
characteristics, demonstrating that the observed effect is not caused b_y the

finite gate current I .

2. To elucidate whether V; primarily affects the channel resistance Ry or
whether the effect is based on a change of Vg, R;,s was measured for
different channel currents ID;. Even if Iy is :varied by four orders of
maghnitude, an applied gate voltage rpsults in a change of--th'e- channel
resistance R,s and does not induce significant voitages in the channel

layer.

MISFET-type heterostructures consisting of YBa,Cu,0, s/SrTiO; multilayers
have been developed which allow the application of electric fields larger than
107 V/em to superconducting films of YBa20u507_5 . In these devices, electric
field-effects generate changes in the channel resistance. The YBa,Cu,0,_; films
have a preferred thickness on the order of 10 nm and are operated with gaté
voltages of about 30 Volts. The channel resistivity changes can be attributed to

equally strong changes of the carrier density in the high-T, superconductor.



I n “hi gh+[err] superconductor conmpounds, |arger field-effects are expected
"owing to their intrinsically low carrier concentrati on and because of their
smal | coherence length. The low carrier concentration of about 3 ... 5 x
[err] leads to screening lengths in the range of tenths of nanoneters, and
the smal|l coherence | engths allow the fabdlcation of ultrathin | ay8Z8-3RUH
respectable critical tenperatures. Superconducting filns as thinas 1...2
nm have al ready been grown; electric fields can penetrate such filns to a
consi der abl e extent. Details of two enbodiments of the '
the i.nventive nmethod wll hereafter be explained by way of. ' ,
reference to the attached drawings in which: Fig. 1 is a s&iM'ﬁ‘“ﬁ%j&lﬂ,
of a first enbodinent of a field-effect transi stor in accor@ane .
invention; Fig. 2 is a schenatic diagram of a second enbodi nrent of an

i nventive field-effect transistor;

CLAIMS

1. Superconducting field-effect transistor having an electrical-field-controlied
current channel and gate, source and drain electrodes, characterized by an
electrically ‘conductive substrate (2) consisting of a single crystal of a first
material of a certain crystallographic family and having a predetermined
crystallographic orientation, said substrate (2) being provided with an
appropriate contact (6) forming the gate electrode, an insulating barrier
layer (3) deposited on top of said substrate (2) and consisting of a second
material of the same crystallographic family and having the same
crystallographic orientation as said substrate (2), a superconducting thin
film layer (1) deposited on top of said insulating barrier layer (2) and
consisting of a material having crystallographic properties similar to those
of said family of materials, said superconducting thin film (1) serving as
said current channel, and gold pads (4,_5) provideci on top of said
superconducting thin film (1) at a mutual distance from one another and

serving as source and drain electrodes, respectively.

2. Field-effect transistor in accordance with claim 1, characterized in that said
substrate (2) consists of niobium-doped strontium titanate Nb:SrTiO,, with a
doping factor of between 10-3 and 10% niobium, preferably at 0,05% Nb.

3. Field-effect transistor in accordance with claim 1, characterized in that the
crystallographic orientation of said substrate (2) is {100}.

4. Field-effect transistor in accordance with claim 1, characterized in that said
contact (6) to said substrate (2) forming the gate of the transistor consists of
sitver diffused into said substrate (2).

_—

i



__Fig."' 3 shows the [err] characteristics of thejjmjmm’ﬂ" El nsistor of -.:
Fig. 1, Fig. 4 is a diagramshow ng the depen ﬁ ,lﬂ“ﬂges of the

channel resistivity as a function of the gate Vol fage ["rr]; *Fig. 5 shows
t he dependence of the channel resistivity s a function of the abscgz.g-so.ms
tenperature. To apply large electric fields on thin filnms of

super conducti ng YBa2Cu307, in accordance with the invention, an inverted

M SFET-structure as shown in Fig.1l is used. 1In this structure, a
superconducting film21l of the thickness s is separated from a gate

elhecL_r ode 2 ]Ea( El’eld%febﬁtr‘aggidt@ym aﬁcofdédte.wﬂhiownessmardr?tagm Ii(lt Eﬁat 'sahid
t hi ckness' of the er condugtor,, t resistivity pj,an akt hr.o
field strength [’bﬁ“?ﬁ%gﬁf laygE 5998953?% Bnchﬂ:i%fl SBLH aﬂg{sizrraz‘? ec?@ﬂﬁrge‘g
val ues for EBD gitdnfigi tanate) SPEIC) mm;;eégitmt etsstatffographie 6Fanttion, atH a
are negl ected: TqQ jnduce tSﬁsurface charge density in superconducting film1l

whi ch cor r espontficknessHb thegepgg Hdli3den¥0Rmn of nobile charge carriers,
t he capacitor consisting of gate el ectrode 2 and superconductor film 1 has

to be biased with a voltage This is the replacenment sheet
N 6. Superconducting field-effect transistor having an electrical- field-controlled

current channel and gate, source and drain electrodes, characterized by an
electrically conductive substrate (11) consisting of a layer of gold coated
onto the underside of an insulating layer (7) which on top carries a

superconductive thin film (8) which in turn carries two electrodes (8, 10}, -

respectively forming the source and drain electrodes of the transistor, said

substrate layer (11) being. provided with a contact (12).

7. Field-effect transistor in accordance with claims 1 and 6, characterized in
that said superconductor layer (1, 8) consists of YBa,Cu,0,_,, wherein

0 <9 £ 0,5, and has a thickness in the range of 1 to 30 nm. f

i !

8. Method for making a field-effect transistor having an
electrical-field-controlled current channel and gate, source and drain
electrodes, characterized by the following steps:

— Providing a gate electrode (2) in the form of an electrically conductiv'e'
single crystal of a material of a certain crystallographic family and
having a predetermined crystallbgraphic orientation, to serve as a
substrate;

— depositing on top of said gafe electrode (2) an insulating layer (3) of a
material being a member of the same crystallographic family as the
material of said gate electrode (2); |

— depositing a superconducting thin film (1) having a lattice constant at
least approximately matching the Ilattice constant of said
crystallographic family;

This Sheet Has B
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%g;g ant Bof the insulator 3. Equat i on( %i)%ﬁﬁﬂ“’ﬁ“‘lﬂ“&‘ﬂ!“ﬂ!ﬁhﬂa?gt '[ Ihg

carrier density in high-[err] superconductors*sdbstantiaIIy, t he product
[err] x [err] of the dielectric constant [err] and the breakdown field
strength EBD has to be of the order of [erld] V/cm (For conpari sonSZ[9%30rqi5
has an [err] x [err] product of 4 x [err] V cmat roomtenperature). In
addi tion, the normal -state resistivity of the insulator has to be
sufficiently high to avoid | eakage currents which result in an input |oss

[err]-X [err] For typical case of, [grr]. <.lerr = r

area of the gate éﬁ@@%ﬁ”@ cfng?&in(#ﬂ,ﬁt ﬂhtor Qifss[JP ?{@'%sﬁpgbgﬁhi%lﬂiaq} ?iagna
[err] [err]cn [erpredeteranaedt imguilenfistanter to formviseurcd artesbrain contacts,
requi renents, insulati r“gv I aye%‘? with high dielectric constants are
recommended. Ther &PBPRCVENF AR i ts good compatibility with the growth of

[err] I s sel eet ptoQRIING A f4te dONtact (@) ohosaid nublstater(@)l ayer 3. The

9. Method for makin'g a field-effect transistor in accordance with claim 8,
characterized in that '
— said gate electrode (2) is provided in the form of a conductive n-type
{100}-oriented Nb-doped SrTiO; single crystal having a doping factor
between 10~ and 10% niobium, preferably of 0,06% Nb;

— on top of said gate electrode (2) a {100}-oriented insulating layer (3) of
SrTiO, is deposited;

— on top of said insulating SrTiO, layer (3), a superconducting thin film (1)
of YBa,Cu;0,_; is deposited, wherein 0 < 4 < 0,5;

— onto said YBa,Cu,0,_, layer (1) gold pads (4, 5) are deposited to form

source and drain contacts, respectively;

~ a gate contact (6) is deposited on the Nb-doped SrTiO, gate substrate
().

10. Method in accordance with claim 8, characterized in that said layer (3) of
SrTiO, is epitaxially grown by reactive ri-magnetron sputiering at 6,7 Pa in
an O,/Ar atmosphere at 400 to 900°C. |

11. Method in accordance with claim 8, characterized in that said
superconducting film (1) of YBa,Cu,0,_; is epitaxially grown on top of the
'insulating SrTiQ, layer (3). '

12. Method in accordance with claim 8, characterized in that said gate contact

(6) is provided by diffusing silver intoc the Nb-doped SrTiOa'gate/substrate
_—
(2). .
. - This Sheet Has B
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compatibFlity of [err] with SrTi 8 has alrzﬂﬂmWrouf in EP-A-0

299 870 and EP-A-0 301 646, and the use of Hw”’mm f oriented
polycrystalline J[err] has been describ "E4 220 and

EP- A-0 341 788. The nethod recommended for fabri cat| n ttte M SFET_structure
of Fig. 1 with a SrTi3 barrier layer 3!fnvolves the follow ng s§%}359 015 A
gate electrode 2 is provided in the formof a (conductive) n-type {100}
-oriented Nb-doped [err] single crystal grown by a conventional -zone

mel ti ng techni que. The doping factor is between 10-3 and 5% ni obi um

preferabl y 43t %&ﬁt{?i'\'bforﬂ?hékiﬂgt i~ eb@ft} -ERE] f}réﬁsué‘t%‘?d t?a'i/mh?e att Defecticall O

all further depositions € pol nted out that
si ngl e-cryst dfieldutnntraiias icurpenrit ehanoe! andopgle; ysnurcei a adodrmnoemvos!es

substrate may ts other than ni obium may be used
to render thec@f%%onaﬁb%ﬁ%ﬂwg %(&E%I e is an oxygen deficit.

— Providing a {100}-oriented SrTiO, layer (7) as an insulator and thinning
it down to a thickness of 20...30 um; |

~ spuftering on top of the thinned insulator (7), a YBa,Cu,0,_; film (8),
wherein 0 < & <0,5, the thickness of this film (8) being in the range of 1
to 10 nm;

— providing metal pads (3, 10) on top of the superconductor layer.(8) to
form source and drain contacts, respectively;

— depositing a gate electrode (11) onto the back side of the thinned
insulator (7) in the form of a metal layer;

—~ applying a contact (12) at the underside of said gate electrode (11).

14. Method in accordance with claim 13, characterized in that an insulating
substrate (13) is provided underneath said gate electrode (11).

This Sheet Has Bee:
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s SZ 9-90-0 15 2. Onto trate 2, a
- {100} - orl_ented insul ating layer 3 of [err] Xl al ly grown by reactive

rf-magnetron sputtering at 6,7 Pa in an [err] at npsphere at 650[err]C
(tenperature of the sanple holder). The thickness of this layer can be in
the range of 1 to 1000 nm 3. Wthout breaking vacuum a superconducting
filml of [err] is epitaxially grown on tpp of the insulating [er$8399a9tsy 3
by hol | ow cat hode nagnetron sputtering, wherein the value of "[err]" is
preferably equal to zero, but can be as large as 0,5. The thickness of the
superconductor |layer can be in the range of I to 1000 nm 4. Mtal pads,
for -exanple gold pads 4 and 5, are then sputtered onto-the [err] top |ayer
1 to formsource and drain contacts, respectively. 5. Finally, a gate
contact 6 is provided by diffusing silver into the Nb-doped [err]
gate/substrate 2. Fig. 2 shows a slightly different (but nore truly M SFET)
structure. The preferred way to manufacture this structure involves the
following steps: 1. A {100}- orlented [err] layer 7 is provided as an

i nsul ator which is ABSTRACT

This field-effect transistor comprises a conductive substrate (2) serving as the
gate electrode, an insulating barrier layer (3), and a su_perconducting channel
layer (1) on top of the barrier layer (3). The superconductor layer (1) carries a
pair of mutually spaced electrodes (4, 5) forming source and drain,
respectively. The substrate is provided with an appropriate gate contact (6).

The substrate (2) consists of a material belonging to the same crystallographic
family as the barrier layer (3). In a preferred embodiment, the substrate (2) is
niobium-doped strontium titanate, the barrier layer (3) is undoped strontium
titanate, and the superconductor (1) is a thin film of a material having a lattice
constant at least approximately similar to the one of the materials of the
substrate (2) and barrier (3) layers. A preferred material of this type is
YBa,Cu,0,_,;, where 0 < § <0,5 .

Sheet Has Been Reﬂlaced
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poli-shed down to a thickness of 20...30 [err]. 2. On top of the t hi nned
“insulator 7, aerr] fitm8 s sputtered wherein the value of "[err]" is
preferably eqUHiwmmeetH&ymenﬁnmccaan be up to 0,5. 3. Gold pads 9 and 10 are

provi ded on top nductor layer 8 to form source and drain
contacts, reSpe the bacgin i de of the thinned insulator, a
conducti ng gateeec roe In the f lof a netal | ayer, a gold Iayer,
for exanple, is deposited. It bears an appropriate contact 12. 8

SZ 9-90-015 5. -Optionally, gate electrode 11 may be supported on an

i nsul ating substrate 13, be it for stability, as indicated in Fig. 2. Fig.
3 shows a typical characteristic of the gate current |G through the

i nsulating | ayer 3 asFIaGLitctlon of the applied gate \ﬂlt@g@[err] for a
device in accordance wth Fig. 1. 19

(%] *
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PRSI E T

The neasured characteristic is the one expected for.a.pli~j.unction —t-he-
stiper conduct or and the substrate being the p and n|el eBEPIAGBMENT SHEZTS
respectively. In one sanple studied, the insul ating BAPescaptivinopaged ./ to pag
resistivity of 4 x [err] [err] cmat a forward bi ag BfCRims) andpiedZ-xto pages o
[errr] [err] cmat a reverse bias of 20 V. Breakdo B’@gﬂvisg(s)engstglﬁ .éttarpf@ﬁ‘i-.---

tenmperature of 5 x [err] VW cmand of 1.5 x [err] ViAc tecobt agared ..i.not pased ...
forward and reverse directions, respectively. The ¢apacitance of t i
sanple was 2 x 10-7 F/cnR at room tenperature. Thi ﬂ-ﬁg@p MAYJSQB

relatively low [err] = 8 (t=40 nn). This 1 ow di el edtri-é—tonstant—mray—bHe—— -
cauSed by an insulating surface |ayer on the Nb-doped SrTi G3 substrate,
whi ch was observed in agreenment with a report by Hasegawa et al. in Japan.

Journ. of Appl. Phys., 28.,0L2210 . Ihe l.gver has a b vol t age
of about 2 V. Nev%"r?é’f’%gg‘,'c %F{eéa'ﬁ)eﬁfimgxﬁ “f'ﬁ'e'"["gf{e?a@igﬁr | ayers
under reverse bias were aStuctirardnd Method o+ iMaking fheesame@ t of the val ues
required by Eq. (1). The influence of the gate voltage [err] on the channel
resistance [err] of a sanple that consists of 10 nmthick [err] filmon a
40 -nmthick SrTiG3 barrier layer is showmn in Fig. 4. Qovious fromthe
diagramis an approximately |inear

DESCRIPTION

This invention relates to field-effect transistors having a current channel
consisting of high-T, superconducting material the conductivity of which can be
reproducibly influenced by an electrical field, and whose structure is that of an
inverted MISFET (Metal-Insulator-Superconductor) in the sense that the
substraie is used as the gate electrode. The invention further relates fo a
method for making superconducting field-effect transistors with inverted
MISFEET structure.

For several decades, the electronics industry has made enormous efforis fo
shrink the size of electronic components and circuits with the aim of.-increasing
the speed of operation and of reducing the power consum‘ption/dissipation. .
These efforts have led to the development of integrated circuits and. multi-layer
ceramic devices which, in a volume of a few cubic millimeters, contain many
_thousands of t-ransistors and other circuit components. These devices have
very high operating speeds owing to the shortened distances the electrons
need to travel inside of them. All of the modern circuits use advanced

semiconductor materials, such as silicon and gallium arsenide, for example.

The discovery by Bednorz and Miller (Z. Phys., B64 (1986) p. 189) of a new
glass of superconductor.materials has of course opened another avenue to
:';.é\‘/en' lower power consumption and caused a worldwide search for possible
applications of these materials in t_alectronic circuitry. A number of studies on

This is the replacement sheet
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dependence of the measured normal-state resistivity on the gate voltage,
and that the effect on resistivity changes sign when the gate voltage is
reversed. The nmeasured polarity of the voltage induced resistance change
agrees with the theoretical expectation: [err] is a p-type conductor,
hehce .a positive voltage [err] at the gat e,electrode depletes the free
carrier concentration in the channel herefore, I ncreases the channel
resi stance [err] whereas a negative voltage [err] at the gate el ectrode
enhances the free carrier con- centration in the channel and, therefore,
decreases the channel resistance [err]. . 9 SZ
9-90- 015 The val ue of the neasured-channel resistance [err] _agrees well
with the theoretical pfef{t} on: Applying 30 V to the seﬁdl@,&rat was used
to generate Fig. 4 and which has a capacitance of 2§2< 10-7 F/cnR, induces a
change in the el ct[,ron density on|t ® el ectrodes ¢f X [rr]/cn{err].mOn
t he ot her hand, r] has\a carrjg derlEty of AR 3 - X [err err]

' B ST
and this &\\\\\\\ N m IIsahiiht

Y
/////////////////////////////,
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corresponds to an areal density of nobile holes in the 10 nmthick channel
layer of 3 - 5 x [err]/cnferr]. This means that, w thin experinental error,
at ~any tenperature a change of the free carrier density in the channel
results in a correspondi ng change in RDS- The tenperature dependence of the

ypi cal for wm@esgkﬁ@%mﬁw&ﬁmm@ﬂ ) Sglsber
gﬁgﬁgge{]gﬁff [ te??] V19|or ﬁ%@%@%l ct ECFI nﬁlglﬁgéﬁ}?éﬁsm gtl\ﬁng)e/ this

figure, within experinental scatter, the fractional change of the channel
resi stance Ap¢TRACT al nost constant as a function of tenperature. A .
t emper at ure-independent [err] ratio is observed down to Tc [err] = 0)- The
change of the channel resistance induced by the gate voltage VG corresponds
to a change of tTids Reld-dffect Ghdisdor conprises a dnductpOsubstrite (2) seb¥in®@s the dats ,
[err] = 18V. Fromthe neasurenents taken with several sanple enbodi nents of
t he fi el d- eldctrotiet amninsulating barnienlayer (B aml asiperdonducting ehanneh layet () am top ef
det er mi ned

the barrier layer (3). The superconductor layer (1) carries a pair of mutually spaced

electrodes (4, S) forming source and drain, respectively. The substrate is provided with an
appropriate gate contact (6).

The substrate (2) consists of a material belonging to the same crystallographic family
as the barrier layer (3). In a preferred embodiment, the substrate (2) is niobium-doped
strontium titanate, the barrier layer (3) is uﬁdoped strontium titanate, and the |
supreconductor (1) is a thin film of a material having a lattice constant at least i

approximately similar to the one of the materials of the substrate (2) and barrier (3) layers.
~ A preferred material of this type is YBayCu307_5, where 0<8<0,5.

Fig. 1
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- ;  REPLACEMENT SHEETS 8G 1
that the operating gate voltage [err] shou g?éesbﬂpiﬁdm pa@;a@e.;z.liet;mgesﬁ.?é, 4 &S
and 50 V, the thickness s of the supercond | Ciginks) M Steged d/ 1t paned ¥

range between 1 and 30 nm and the thickne$spabratide$)nspigad iAol gged .shqul d
be in the range between 0,3 and 100 nm 16 Abstract  : paged ... to paged .. IZ

..........

9-90-015 To nmake sure that the structure2 prepared in accor.dancr‘{rea\évlﬂ_t‘lggt3 e
resent invention indeed perform as expect ¢d,, |« I n
p P P = or &%E,qélﬁfﬁfg’.ﬂ...g,

Spot - Chocih IR P RrtToet Th E08beh B, cobouas Ve een reborkid- 10r BYRIBRIe o9
_ _ _ |.
{act or of "GOBPRrv A0l BpehhE" ok e A ThAEEF 188, 000 ke O R obly °

This  neasyiRRFRld-SHEMEth higheT, SPBRondiRIY Bivé banehRd.i Hdvver JEPTNIBIIAL | NG

that the observed effect is ndt caused by the finite gate current [err]
044 already describes a three-terminal field-effect device with a superconducting channel

in which electric fields are used to control the transport properties of channel layers
consisting of high-T, 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 deposition of insulator layer
and top electrode. _ '

It is an object of the present invention to ameliorate one or more disadvantages of
.the prior art.

According to one aspect of the present invention there is provided a superconductor
field-effect transistor comprising: an electrically conductive substrate of a single crystal
of a material of a crystallographic family, said material consisting of niobium-doped
strontium titanate Nb:SrTiO3, with a doping factor of between 0.001% and 10%
niobium, 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
surféce of said substrate, said insulating barrier layer being a second material of said
crystallographic family and having the same said predetermined —c;ystallographic
orientation; a superconducting thin film léyer on a top surface of said 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 said gold pad being a drain electrode;
and, an electrical-field-controlled current channel in said superconducting thin film layer
between said pair of gold pads.

According to another aspect of the present invention there is provided a
superconductor field-effect transistor comprising: ah electrically conductive substrate of
a single crystal of a first material of a crystallographic family, said crystal having a

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

This is the replacement sheet
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2. To elucidate whether [err] primarily affects the channel resistance RDS
or whether the effect is based on a change of [err] [err] was neasured

di fferent

channel currents IDS. Even if IDS is varied by four orders of

magni tude, an applied gate voltage results in a change of the channel

e [err] and does not induce si@aificant voltages in the channel

| ayer. M SFET-type heterostructures consisting -of [err] multilayers have

been devel ogped which allow the application of electric gi el ds | arger tclilan
2qe s

resi stanc

107 VIicm
field-eff
have a pr
vol t ages

attribute
hi gh-[err

F@dsm?é%téhcﬁ?ciqr?ﬁbﬁﬁg | basTier layer rqn a) tpp; uface oy jsgids subsia

o . ! . T
g‘fsaﬁﬂgg ”‘?%?ltsﬁ\f/ JeeE 35 i P P o S oA dogrpeifs, Bly b
SRS B g o S35 e
Londif o éltntifhn titanatt'SMMIG; having a {100} crystallographic orientation, and

being between 0.3 and 100 nm thick; a superconducting thin film layer on a top surface

of said 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 electrical-field-controlled current channel in
said superconducting thin film layer between said pair of gold pads.

According to still another aspect of the present invention there is provided 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
predetermined cfystallographic orientation; a gate electrode being formed by a contact to
said substrate; an insulatilig b;\rrier layer on a top surface of said substrate, said
insulating barrier layer being a second material of said crys_tallographic family and
having the same said predetermined crystallographic orientation; a superconducting thin
film layer on a top surface of said 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 said gold pad being a drain electrode; and, an electricazftleld—comrolled
current channel in said superconducting thin film layer between said pair of gold pads.

According to still another aspect of the present'invention there is provided a
superconducting field-effect transistor comprising: substrate consisting of a layer of gold
on an underside of an insulating layer; a superconductive thin film on a top side of said
insulating layer; 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 provided a
method for making a field-effect ltransistor having an electrical field-controlled current

channel and gate, source and drain electrodes comprising the steps of: a) providing a

This is the replacement sheet.
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1. A superconductor field-effect transistor conprising: an electrically
conductive substrate of a single crystal of a material of a

crystall ographic famly, said material consisting of niobium doped
strontiumtitanate No: SrTi O3, with a doping factor of between 0.001% and.
10% ni obium said crystal having a predggerm ned crystall ographic
orientation; a gate electrode being fornmed by a contact to said substrate;
an insulating barrier layer on a top surface of said substrate, said

i nsul at i nggasaelectpde §2)eof heondyctivesayned{ 198} eriented Mb-deped SiTyQs ainglegeraptal ¢
famly and_having the sane said predetermn crystall ographic orientation;
a super contigtbasd doping factoRpetzen 001 @eg 15%»;9&9 Buyf saidh pafeelaciiode iserying
barrier layer; .a pair.of gold pads on a top surface of Ld _super.conducti ng
Chi 111 m da el b dnBitte 68 toh. oF i, 588 sfectrodf Dy (0 n Rl BRAE o1 ]

|d pad b b P and hi -f£1 el t I
Qurrept cnisao®) reSTieatsh, QaRae on B S Hi FRlBA IO i B9,
of gold paglfpercdbnductihgf ihed €ilaf (1P OF YBHCH0,9), viferéil FEFE051 Phdepesiting Jntb
dopi ng factor of Niobiumis 0.05%

said YBayCuz0O;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 SrTiO; gate/substrate
).

According to yet another aspect of the present invention there is provided a method
for making a field-effect transistor having an electrical-field-controlled current channel
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 of
20 to 30 pum; b) sputtei‘ing on top of the thinned insulator (7), a YBayCu305_5 film (8),
wherein 0<8 <0.5 0.5 the thickness of said sputtered film (8) being in the range of 1 to
10 nm; c) providing .metal pads (9, 10) on 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 €) applying a contact (12)
at the underside of said gate electrode (11). .-

The use of niobium-doped strontium ;itanate Nb:SrTiO; —1:1 a high-T,
superconductor structure was described by H. Hasegawa et al. in their paper "Contact
between High-T. Superconductor and Semiconducting Niobium-Doped SrTiO3",
Japanese Journ. of Appl. Phys., Vol. 28, No. 12, Dec. 1988, pp. L 2210-L 2212, and in
their EP-A-0 371 462. These references describe a diode structure where a
superconducting film is deposited onto an Nb-doped SrTiO3 substrate. The authors of
these references are only interested in measuring the rectifying properties and the
resistance iﬂ forward and reverse directions. They "demonstrated that there are unknown
interfacial layers between the two materials”, a problem that the present invention

elegantly overcomes.
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3. A field-effect transistor as in claim 1 wherein the crystall ographi c

orientation of said substrate is {100}. 4. A field-effect transistor as
in claiml wherein said contact to said substrate form ng the gate
el ectrode consists of silver diffused in said substrate. 5. A

superconductor field-effect transistor,conprising: an electrically
conductive substrate of a single crystal of a first material of a

- crystall ographic famly, said crystal having a predeterm ned

crystall ographic orientation; a gate electrode being forned by a contact to
said substrate; an insulating barrier layer on a top surface of said

subst r atwhichaketbedtredthtit ifilgddairei strebagein kendycting anatediatatiergiaen dfy tes d -

crystal |l ogr gphi.c, fanj hayi ng, the sa aid.This is the replacement
sheet . SUfD Ty édg@zeﬁ#%%if%sgﬁaﬁr&ﬂha}phfisog??&pﬂ{*i ? thS o SRR INel | o
consi st idepletiont zeAkS LLf];gEl: NgRatHere! i GBdhgvaregtie didlektrid yohatdmeraptne
orientation, and bei ng, between ? 3 ancg . ] L
vacuum and of the conducting material, respectively, k is the Boltzmann
constant, T is the absolufe femperature, q is the elementary charge, n is the
density of mobile carriers, and N the induced areal carrier density. Because of
their high carrier density, low-T, superconductors usually screen electric fields
so well that the fields only have a minor influence on materials properties. To
attenuate the screening, recent experiments on the electric field-effect in low-T,
superconductors have focused on compounds with exceptionally low carrier

density, like doped SrTiO, , with niobium as the dopant, for exampie.

In high-T, superconductor compounds, larger field-effects are expected owing
to their intrinsically low carrier concentration and because of their small
coherénde length. The low carrier concentration of abouf 3 ...5 x 102'/cm? leads
to screening lengths in the range of tenths pf nanometers, and the small
coherence lengths allow the fabrication of ultrathin layers with respectable
critical temperatures. Superconducting films as thin as 1..2 nm have already
been grown; electric fields can penetrate such films to a considerable extent.
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100 nm thick; a superconducting thin filmlayer on a top surface of said
I nsulating barrier layer; a pair of gold pads on a top surface of said-
superconducting thin film a first said gold pad being a source el ectrode
and a second gold pad being a drain electrode; and, an
electrical-field-controlled current channel in said superconducting thin
filmlayer between said pair of gold pads. 6. A superconductor field
- effect transistor conprising: an electrically conductive substrate of a
single crystal. of a first material of a crystallographic famly, said
crystal having a predeterm ned crystallographic orientation; a gate
el ectrode being fornmed by a contact to said substrate; an insulating
barrier layer on a top surface of said substrate, said insulating barrier
| ayer being a second material of said crystallographic famly and havi ng
the sane said predeterm ned crystallographic orientation; a superconducting
thin filmlayer on a top surface of said insulating barrier layer; a pair
of gold pads on a top surface of said superconducting thin film a first
sai d golpktans didwn emisodincents! et theottensistbraarst o tbesiaventjgednpthbdaeviig a
drain e'h%?'ctaé gre ’beaneprlained by way of example, with reference to the attached
drawings in which:

Fig. 1 is a schematic diagram of a first embodiment of a field-effect transistor

in accordance with the invention;

Fig. 2 is a schematic diagram of a second embodiment of an inventive

field-effect transistor;

- Fig. 3 shows the 15/Vg characteristics of the field-effect transistor of Fig. 1; i
Fig. 4 is a diagram showing the dependence of the changes of the channel
- resistivity as a function of the gate v_oltage Vs '

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

absolute temperature. R ' '_

To apply large electric fields on thin films of superconducting YBa,Cu,0, , in
accordance with the invention, an inverted MISFET-structure as shown in Fig.1
is use_d. In this structure, a superconducting film 1 of the thickness s is
sepa‘i‘éted from a gate eléc_trode 2 by an insulating layer 3 of the thiékness t.
Besides the thickness of the superconductor, the resi.stivity p, and the
breakthrough field strength Eg, of the insulator are crucial parameters. The
required values for Eg, and for p, can be simply estimated, if space charge
effects are heglected: To induce a surface charge densily in superconducting
film 1 —which correspond; to the unperturbed density n of mobile charge
carriers, the capacitor consisting of gate electrode 2 and superconductor film 1
has to be biased with a voltage
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an electrical-field-controlled current channel in saj_d_ng‘rlthhi n
filmlayer between said pair of gold pads. 7. A field-effect transi '
as in claim6 wherein the crystall ographic or| ent atlemmﬂmﬁ ’ﬂm ate
(2) is {100}. 8. A field-effect transistor as in c ﬁm
contact (60 to said substrate (2) form, ng1’t he gate.el ectrode 8ongi st s of
silver diffused in said substrate (2)-.. .A superconducting fiel d-effect

transi stor conprising: substrate consi s g&gf a layer of gold on an
underside of an insulating layer; a su uctive thin filmon altop side

of S0 sy :325”%?%%?4%&%‘9@eﬁSﬁ‘f‘%‘%’Pﬁén%@z‘%&ﬁgﬁzrngSgéfid 0 »
ot et STSUBLOER" oS Wioote, b AR BBl B
thi ckness '&ykﬁiﬂographlc family, said material consisting of niobium-doped strontium titanate
Nb:SrTiO3, with a doping factor of between 0.001% and 10% niobium,.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
layer being a second material of said crystallographic family and having the same said
predetermined crystallographic orientation;

a superconducting thin film layer on a top surface of said 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 said gold pad being a drain electrode;
and,

an electrical-field-controlled current channel in said superconducting thin film layer

~ between said pair of gold pads.
2. A field effect transistor as in claim 1 wherein said doping factor of Niobium is
10.05%.
3. A field-effect transistor as in claim 1 wherein the crystallograph?orientatibn of
said substrate is {100}.
4. A field-effect transistor as in claim 1 wherein said contact to said substrate forming
the gate electrode consists of silver diffused in said substrate.
5. A superconductof field-effect transistor comprising:

an electrically conductive substrate of a single crystal of a first material of a
crystallographic 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

layer being a second material of said crystallographic family and having the same said
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range of 1 to 30 nm 11. A method for nmeking a fiel d- effeet—tTansistor
havi ng an electrical field-controlled current channel a W nd
drain el ectrodes conprising the steps of: a) provi di nm ““ e
(2) of a conductive n-type {100} oriented No- doped SrT si nygl & crystal

that has a doping factor between O. 001% atd 10% ni obi um said gate
el ectrode serving as a substrate; depositing on top of said gate

depost 11 ng DeoRethitgd Sliibein ﬁ“gﬁéﬁéwﬂg en e paflialbalsistne o sopting
bl 0L sk b O k) o JEEE A, 0

respecti vel yoo amdhgk: depositing a gate contact (6) on the Nb-doped SrTi G3
gat e/ substrate (2). 12. A nmethod as in claim 11, wherein said |ayer (3) of
SrTiB is epitaxapdryorducivy fhyn filih tdyey On Aftoprag et o Said ikulLingteirtdr 18yet; Pa
in an 02 /Ar atnosphere at 4000 to 9000 C. 13. A nethod as in claim1l,
wher ei n sai d supgairafdiold pads 6n hrto;ﬁ thrface dfesaid) supsrcepdumgathllnyﬁkm,owvﬁrslrsaid)p
of the insulati ng SrTiB | ayer 3

gold pad being a source electro e and a second gold pad being a drain electrode; and,

an electrical-field-controlled current channel in said superconducting thin film layer
between said pair of gold pads.

6. A supercohductor field effect uaqsismr comprising:

an electrically conductive substrate of a single crystal of a first material of a
crystallographic family, said crysmi 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 iﬁsulating barrier
layer being a second material of said crystallographic family and havin'g the same said
predetermined crystallographic orientation;

a superconducting thin film layer on a top surface of said 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 said gold pad being a drain electrode;
and. —_

an electrical-field-controlled current channel in said superconducting thin film layer
between said pair of gold pads. | _

7. . A field-effect transistor as in claim 6 wherein the crystallograpliic orientation of
said substrate (2) is {100}.
8. A field-effect 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 superconducting field-effect transistor comprising:
substrate consisting of a layer of go!d on an underside of an insulating layer;

a superconductive thin film on a top side of said insulating layer;
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14. A method as in claim11l, wherein said gate contact (m
diffusing silver into the Nb-doped SrTi O3 gate/substrate Hmu,mﬂ l '
nmet hod as in claim 1l wherein said doping factor is 0.05 HI' ‘H“l“d
for making a field-effect transistor having an electrical-fieldtcontrelled

current channel and gate, source and drai'® el ectrodes conprising the steps
of: a) providing a {100}-oriented SrTi O3 |layer (7) as an insulator and

t hi nni id | t i . . . r]; 14 b
sputtering on topisP! Elrbds Drodld BRSSO R SR pB 11 1 (). wherein
0 <Jerr] <0.5 td} said sputtered film(8) being in the -
rangEa of] l1tol cn%a?)nﬁi‘ﬁpfrﬁ vi di éd'met al pads (9, 10) on top of the

super conduct®r Adidd-eff8ot thsistr Bk 3P lif 9284d HiptrébrAfEtbA iyer (I1,%B) Q@ﬁiism@gdaﬁ

d) depositing a gate el ectrode (11) onto the back side of thée thinne
i nsul at or (YBayCu3z07_5, wherein 0=56=0.5 and said superconductor layer has a thickness in the

range of 1 to 30 nm.
11. A method for making a field-effect transistor having an electrical field-controlled -
current channel and gate, source and drain electrodes comprising the steps of:

a) providing a gate electrode (2) of a conductive n-type {100} oriented Nb-
doped SrTiO3 single crystal that has a doping factor between 0.001% and 10% niobium,
said gate electrode serving as a substrate;

b)  depositing on top of said gate electrode (2) a {100}-oriented insulating layer
(3) of SrTiO3;

c)  depositing on top of said insulating SrTiO3 layer (3), a superconducting thin
film (1) of YBay Cu307_5, wherein 0=6=0.5;

| d) depositing onto said YBa2Cu307_5 layer (1) gold pads (4,5) to form source
and drain contacts, respectively; and

€)  depositing a gate contact (6) on the Nb-doped SrTiO5 gate/substrate (2).

12. A method as in claim 11, wherein said layer (3) of StTiOj3 is epitaxially grown by
reactive rf-magnetron sputtering at 6.7 Pa in an O, /Ar atmosphere at 406"_to 900° C.
13. A method as in claim 11, wherein said superconducting film (1) of YBayCu3O7_5 is
epitaxially grown on top of the insulating SrTiO; layer (3).

14. A method as in claim 11, wherein said gate contact (6) is provided by diffusing
silver into the Nb-doped SrTiO3 gate/substrate (2). '
15. The method 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
current channel and gate, source and drain electrodes comprising the steps of:

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

layer down to a thickness of 20 to 30 ym;
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of said gate electrode (11). 17. A nethod as in clalm
conprising, providing an insulating substrate (13) undet <ai

Ui

in formof a netal |ayer; and e) appl ying a contact I Jx’!@ under si de

el ectrode (11).

s
14
b)  sputtering on top of the thinned insulator (7), a YBayCu3O;5 film (8),
wherein 0 <3 <0.5 0.5 the thickness of said sputtered film (8) being in the range of 1 to
10 nm;
c) providing metal pads (9, 10) on 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) at the underside of said gate electrode (11).
17. A method as in claim 16, further comprising, providing an insulating substrate (13)
under said gate electrode (11). '
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