132672 Epitaxial deposition This invention relates to the formation of high
quality single crystal or. near single crystal epitaxial barrier layers 5
and, in particular, to the formation of such |ayers either as a prelininary
to, or at an internediate stage of, the fabrication of nultllayer th|n -
film structures for application in solid state devices or q tjaLts
Such layers fornmed epitaxially on a single crystal substrate nay act h

as a chemical barrier to 10 prevent the m gration of inpurities or as an

el ectrical barrier to control or elimnate the passage of electric current
Thin film devices and m croel ectronic circuits are frequently o
formed by growi ng perfect single crystal eorlmrear single crystal |ayers on
substrate wafers that are thensel ves 15 single crystal. The fil B , Said
to be epitaxial when their crystal orientation is determ ned during growth
by matching to the lattice periodi dlfaxtal; depesitdon ate. FurthernDre when
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sing]e crystal layers on substrate wafers that are themselves

15 single crystal. The films are said to be epitaxial when their
crystal orientation is determined during growth by matching to
the lattice periodicity of the substrate. Furthermore when a
multilayer thin film 1is formed epitaxy may sometimes be
maintained by matching each layer to some lattice periodicity in ..

20 the preceding layer. High quality epitaxial layers are required
either for their electrical or magnetic properties or
alternatively as insulating or dielectric layers or as barrier
layers to prevent chemical interdiffusion and degradation of
layers by separating them physically.

25 'Sometimes the application envisaged does not require single
crystal epitaxy as far as the actual performance of a part’ic_ula,r
layer 1itself 1is concerned. However, epitaxy may still be
necessary so as to transfer epifaxial growth to a layer to be
subsequently deposited which does require epitaxy for it to

30 function correctly in the application envisaged.

According to one aspect of the invention there is provided a
method of manufacture of solid state devices comprising the
formation of an epitaxial 1layer comprising a substantially
monolayer of magnesia by sputtering of material from a

35 magnesium-containing target on to én alumina-containing

(



-2- substrate and the subsequent fornation of an expitaxial |ayer of a
conpound including yttrium barium copper and oxygen on said | ayer of
magnesi a. According to another aspect of the invention there is 5
provi ded.a net'hod of forming a barrier layer in a solid state device

conpri sing deposi ting an epi t axi al | ayer of a super conduct or
material on a substrate, depositing a nonol ayer of nagnesia on said
epitaxial, |l ayer and depositing a further epitaxial | ayer of said
superconductor materi al on said 10 nonolayer. There is also provided a

solid state device conprising a first epitaxdal |ayer of a nateri al
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crystal of high te%ritﬂr_g ceram sug)ﬁrconduct o({%)renth atstHJcture re{dat ed
to the perovskitee% §&3 ur € YRR a°spéé‘i i cSYrhe o' o M9 ﬁE,; crogqstéf
sappQi e substnatmor®layers. coated with an epitaxial barrier |ayer of
magnesi a (MO by Va&ﬂyfe ﬁﬁp&’&bt [g?Bq&éGt% do1%d ??ﬁee%ev?wsf&@tr?s'tné Q‘e
preferred tenperature Tor e substrate during deposition s [err]-[éerr],
although it nayfingé epdtaxial lager[ofrp. matemial cejeetead Jyompithe class.
orientation  of inélh&ini\@@peréﬁﬂﬁtﬁirs ahdY&ini coftRReSFS forRéd or Re sdeond
crystal |l ographic or] _en% ion of the (ﬁl_ane of the Lerr] subsﬁrate
: epitaxial layer including magnesia oh a crystailine substrate
15 wherein said second epitaxial 1layer include a substantially
monolayer of magnesia and has a thickness of the order of 100
nanometres. . o
One embodiment of the present invention provides a method to
form an epitaxial barrier layer of magnesia (MgO) on a substrate
20 wafer of sapphire (A1,0,). .
Another embodiment of the invention provides a method of

introducing very thin layers of epitaxial magnesia between two

4 layers of high temperature ceramic superconductor having
structures related to the perovskite structure.
25 The invention also contemplates a method of- introducing

single monolayers of magnesium atoms within a thin film single

crystal of high temperature ceramic superconductor with a
structure related to the perovskite structure.

" In a specific embodiment a single crystal sapphire substrate

30 was coated with an epitaxial barrier layer of magnesia (Mg0) by

vapour deposition onto the heated substrate. The preferred

temperature for the substrate during deposition is 750°C-900°C,

although it may be as Tow as 540°C. The crystallographic

orientation of the Mg0 barrier 1layer depends on the

35 crystallographic orientation of the plane of the Al,0;, substrate



.t. In parti.gul ar- MgO can be formed with a (100) - pl ane matching
epitaxially to r-plane (10T2) sapphire, or with a (110) plane matching
epitaxially to mplane (01T0) sapphire, or with a (111) plane natching
epitaxially to a-plane (1120) or c-plane 5 (0001) sapphire Although this
i nvention has general application in thin film device technol ogy one
particul ar application of inportance is in superconducting device N
t echnol ogy based on high tenperature ceranic superconductors havi Ry
structures related to the 10 perovsgite structure. In the preferreff
enbodi rent of the invention an MJO | @yer~is forned by DC nmagnetron sputter
deposi ti on fwafera nhgnpaitdouhat aMgl agapetbe nFarmeduwl e i ag (466) cpremesed of
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-3- wafer.

i nvention _an ayer Is 20 deposited by 1on beam sputtering froma
magnesi um 080T} 52BRAIT8r from an MyO oxide target. In a fourth embodi nent
of the ilnvent}p?ntmaumcihggymvehszcdeﬁasigeerérbv_alp@s.mtampom latth'rmnfﬂ‘l_inongn-NQO-
target. In t odi ment of .t lnventi.qQn aye is 25
depost f ed byelhEs HeFRRIZEs O BRFheuTar AT Redddn FE /S B ol s e o
magnesi um nsuperdandactingi dleviing dectrglogy e.based a oni xhighentempenatireof t he
nvent]on 3BrdbM \sBKeFconlsGcHFROShAMAG"Y SERGERFEL VANAtRg deRPSIon (VD)
or netal -organic chentca vapour epolsi tion rom suitable _
cheni cal HY psrevwskiterstrugtirenyo epitaxial layer may forma substrate for\g

further layer ofy dfBOSHdfefrdtRieRbobdimehfiBr ¥RE 1 MREntToh QRI Mg M aféP st he My
Tayer. In F%%%édc %lyaﬁc tmhalg?i_e r%egpmtbgep%@igp&it %&ﬁ IaL lm%r?ersium metal
target in a sputtering gas composed of 40% oxygen in argon at a
pressure of 1-2 pascals. The preferred deposition rate is 0.05
15 nanometres per second. - L
In a second embodiment of the invention an Mg0 layer is
formed by RF sputter deposition from a magnesium metal target or
from an MgO oxide target. _
In a third embodiment of the invention an. Mg0 layer is
20 deposited by ion beam sputtering from a magnesium metal target
or from an Mg0 oxide target. ' -
In a fourth embodiment of the invention an Mg0 layer is
deposited by laser evaporation from an MgO target. . ' o/
In a fifth embodiment of the invention an Mg0 layer s
25 deposited by thermal e\raporation or molecular beam evaporation
(MBE) of magnesium metal in an oxidising atmosphere.
In a sixth embodiment of the invention an Mg0 layer is
deposited by chemical vapour deposition (CVD). or metal-organic
chemical vapour deposition (MOCVD) from suitable chemical
30 precursors.
The MgO epitaxial layer may form a substrate for a further
Tayer of deposited material that derives its epitaxy from the
MgO layer. In particular this layer may be an ep_itaxlial layer
of high temperature ceramic superconductor with a structure
35 related to the perovskite structure. The barrier layer prevents



of high tenperature; ceram c-super¢onductor with a structure 35 related to

t he perovskite structure. ‘The barrier |ayer prevents -4- interdiffusion
of alunminium into the superconductor and consequent degradation of
super conductiig properties. The invention allows an epitaxial barrier |ayer
or layers to be provided which separate epitaxial |ayers of high
tenperature 5 ceram c superconducting nmaterial, wth structures related to
t he perQ¥5kite structure. In a preferred enbodi mrent of the invention the
barri er Rayer consists of a single-nonolayer of magnesi um i ncor porated
epitaxially into the perovskite lattice on-dygen vacancies in 10 the
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drawi ngs, a sapphinsertinigeran appropriate number of monolayer barriers closely
spaced in the epitaxial structure. The monolayer barriers shall
be on planes parallel to the (001> plane of the perovskite
15 structure. : :
In a second embodiment of the invention the barrier 1ayer.
- may be an epitaxial layer of MgO deposited on a base electrode
of high temperature superconducting ceramic with a structure
related to the perovskite structure. When an appropriate
20 thickness of Mg0 has been deposited an epitaxial counter
electrode of ceramic superconductor can be deposited.
The invention will now be described by way of example with

4 . reference to the accompanying drawings in which:-
- Figure 1. shows a cross-section of a multilayer film on a
25 - sapphire substrate,

Figures 2-6 show the variation of deposited film

compositions as various parameters are varied; and

Figures 7a and 7b are x-ray diffraction patterns showing
epitaxial relationships of MgO films on sapphire

30 substrates

Referring now to Figure 1 of the drawings, a sapphire wafer
10 is 0.6mm thick with r-plane (10T2) orientation. A buffer
layer (11) of magnesia 100 nanometres thick {is deposited
epitaxially. The single crystal magnesia layer forms a
35 substrate for an epitaxial layer (12) of Y,Ba,Cu,0, of thickness



10 is O. 6rmf1 tﬁi ck "W th-r-plane (iOT2) orientation. A buffer.layer (11)

of magnesi'd “*100 nanonetres thick is deposited epitaxial I}y. ~ The
single crystal magnesia layer forms a 35 substrate for an-epit-axial

| ayer (12) of [err] of thickness -5- 200 nanonetres orientated with the
(001) plane parallel to the substrate. Two single nonolayers of

magnesi um (13) are deposited separated by 0.8nm Finally a o :
counterel ectrode 14 of (001) orientation [err] is deposited to a thickness
of 200 5 nanometres. Although the illustration relates to a ol
superconducting device, the inventi-ob-is not Ilimted to this and
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and injecting a flux of magnesium as the superconductor is being
15 deposited, sufficient magnesium to form a monolayer of Mg0 is
deposited. It is not even necessary to stop -the deposition of
superconductor while this ‘takes place. The superconductor
deposition is allowed to continue, to deposit one unit cell, or
so, and then more magnesium is injécted. The objective is to
20 depress the superconductive properties over a barrier region.
With superconductive devices the objective is to have a base
- electrode of superconductor and then a non-superconducting, . .
preferably insulating, barrier followed by another - .
superconducting layer all being epitaxially strucutred. with
25 relation to one another. It is not possible to structure the
- thickness of a layer of magnesia optimally, but, by using a
sequence of magnesium monolayers separated by a controlled
thickness of superconductor, desired properties may be achieved.
Other materials may be used for the barrier layer. In
30 particular, the use of zirconia or strontium titanate is
possible.
We have formed films in an ultra-high vacuum dc magnetron
sputter deposition system wusing the method described by
R.E.Somekh and Z.H. Barber “UHV sputter deposition with a
35 research scale dc magnetron" J.Physics E 21. This is usable for



30 particular, the:use of ziorconia or strontiumtitanate is possible. W
have formed films:i'n*an ul tra-high vacuum dc magnetron sputter deposition
system usi rig the nethod described by .R E. Sonekh and Z. H Barber "UHV
sputter deposi‘tion with a 35 research scale dc magnetron" J. Physics E 21.
This is usable for -6- both pure netal conposite targets and sintered
ceram c targets. A netal target, neasuring 35nm by 55mm consisted of a
$urrounq¥pf copper with yttrium and bariumat the two ends of the
racetrack in proportions roughly 1:2 divided by a 3-5nm5 strip of copper.
It was operated at a target- substrate di stagce of 70nmm and a sputtering
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adjusted to give the correct- film composition at this high
15 sputtering pressure. Several iterations were required, with
' tiles of composition (1:2:3); (1:3.3:4.2); (1:2.5:4.8); and
finally (1:3.9:6.1) being fabricated. The targets- were made by
carefully calcining a well mixed powder of BaCO,, Y,0, and CuO
at 890°C for- 72 hours then hydrostatically compacting the
20 reground powder at a pressure of 16MPa to form three tiles.
After compaction these were fired at 900°C for 36-56 hours. To
prevent the tiles cracking due to differential heating during
sputtering, the operating power was reduced to 16M.
The substrates were placed on a platinum strip heater, the
25 substrate of which was measured with an optical pyrometer. As
the substrates were well coated, their temperature could also be
measured directly with only small interference of the
transmitted radiation from the heater beneath. Measurements
indicated that the substrates were cooler than the heater by
30 about 160°-200°C with the heater at 900°C. = Following
deposition, the YBaCuO films were heat treated in situ, cooling
from 600°C to 350°C over a period of an hour in 100 mbar of
oxygen.
The sputtering parameters of pressure, temperature and
35 oxygen concentration were measured using energy-dispersive x-ray



transnmitted radiation. from the heater beneath. Measurenents .

i ndi cated tHat the substrates were cool er than the heater by 30 about
[err]-200C with the heater at 900C. Fol | owi ng deposition, the
YBaCuO films were heat treated in situ, cooling from[err] to [err] over a
period of an hour in 100 nmbar of oxygen. The sputtering parameters of
pressure, tenperature and 35 oxygen concentration were neasured using

ener gy-di spersive x-ray -7- analysis with a flat piece of sinteredserr]
made up fromhigh purity powders as internal standard. MO was deposr&gd on
to sapphire substrates at a tenperaturd of J[err]-[err] from a pure '
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variation .alag nt-!glevatt-:d teniperatures, where the native barium has a tendency
- 15 to reevaporate unless it is incorporated into the structure.
The effects of changing deposition parameters on- film
composition are shown in Figures 3 to 5. Thése illustrate the
degree of preferential resputtering occurring in this system and
indicate the required degree of control for a specified
20 tolerance in film composition. At low pressures resputterin.g-
due to energetic oxygen anions is enhanced, with copper and
barium being preferentially removed. At high temperatures, the ,
copper shows a tendency to reevaporate. S . o/
When operating the system at such small working distances,
25 it was found that there was some compositional variation along
the heater, as shown in Figure 6. This ef‘fect could be reduced
by altering the compositions of the end tiles.
The major effect of this work has been aimed at making the
YBaCuO directly on to an epitaxial Mg0 film on A1,0,. In an
30 original embodiment the Mg0 was deposited on to sapphire
substrates which were transferred to another system in which the
YBaCuO was deposited, but a later embodiment has combined the
two deposition steps so that the 'YBaCuO could be deposited
directly without breaking the vacuum.
35 We have deposited Mg0 epitaxially on to four different



the heater, as shown in*:Fi gure 6: ; This effect could be reduced by altering
the conpositions-of*the end tiles. The major effect of this work has been
ai med at maKing the YBaCuO directly on to an epitaxial MO filmon [err].
In an 30.origi'nal enbodinment the MO was deposited on to sapphire
substrates which were transferred to another systemin which the YBaCuO was
deposited, but a later enbodi nent has conbined the two deposition steps
so that | the YBaCuO could be deposited directly without breaking the
vacuum ‘35 W have deposited MO epitaxially on to four

di fferent -8- orientations of sapphire.- §+11) MO grew on both a-pl ane
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sapphire had a ze
intensity, we have recently decoupled 6 and 20 wusing a

15 two-circle diffractometer. This has shown that the (110) MgO
pole is inclined by about 0.8° from the m-plane substrate and
the (100> MgO pole is inclined by about 5.5° (£0.5°) from the
r-plane, on the zone linking (1012) and (0001). This indicates
a systematic correlation between the Mg0 and sapphire lattices,

20 although there is a discrepancy of between 3° and 5° with this
alignment.

As an illustration of the effect of the barrier layer on T.;
a film on an epitaxial Mg0 layer on sapphire had a zero
resistance temperature of b50°K whilst a film deposited on

25 sapphire directly had a broader transition down to 10°K. A film
deposited on to YSZ showed a zero resistance temperature of
75°K. When the thickness of MgO was varied from 80 to 320nm, it
was found that the YBaCuO films deposited on to the thicker Mg0
could be heated in flowing oxygen at 850°C for more than an hour

30 without any degradation in their resistivities.

We have found that ideally, to achieve 0.1% compositional
accuracy when growing thin films of YBa,Cu,0, on to hot
substrates, the temperature should be controlled to £2.5°C, the
sputtering pressure to =0.5% and the oxygen concentration to

35 within 1%.
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-solid staiee devirceg €orNersiedbodiient of the method, we have replaced v
| oxygen with nitrous oxide in the sputtering process because its
lower activation energy increases the. density of activated
species. o :
_ Shapes other than a flat substrate may be used as a basis
- 15 for the deposition. For example, ribbons are one possibility. -



formation of an - pltaX|,a,I l ayer conprising a substantially nonol ayer
of magnesi a by sputterl ng of material froma 5 nagnesi um cont ai ni ng

t ar get on' to an al um na-contai ni ng substrate and u,’m mﬁmm
formation of &n expitaxial |ayer of a conpound including Mmm
copper and oxygen on said layer of magnesia. 2. A method of franiuf dct §r e* of
solid state devices as clainmed in 10 claim1l wherein said substrate is
heated fo,a tenperature of between [err] and [err] whilst the material is
sputter &t from sai d magnesi um containing target. 3. A nethod of manufacture
of solid state devices as clained in claimPwherein an oxidi si ng anbi ent

at m)sphere I s mai ntai ned 15 V\/m I st the mti&inﬁ' Is sputtered fromsaid
maghesi um cont ai ni ng targe facture of solid state
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said magnesium containing target.
3. A method of manufacture of solid state devices as claimed in
claim 2 wherein an oxidising ambient atmosphere is maintained
15 whilst the material is sputtered from said magnesium containing
target. |
4. A method of manufacture of solid state devices as claimed in
claim 3 wherein the oxidising ambient atmosphere includes oxygen.
5. A method of manufacture of solid state devices as claimed in
20 claim 3 wherein the oxidising ambient atmosphere includes
nitrous oxide.
o 6. A method of manufacture of solid state devices as claimed in
A/ either claim 4 or claim 5 wherein the oxidising ambient
atmosphere includes argon.
25 7. A solid state device wherein it is made by the method of any
one of claims 1 to 6.
8. A solid state device comprising a first epitaxial layer of a
material selected from the class including superconductors and
semiconductors formed on a second epitaxial tayer including
s 30 magnesia on a crystalline substrate wherein said second
epitaxial layer include a substantially monolayer of magnesia
and has a thickness of the order of 100 nanometres. .
9. A solid state device as claimed in claim 8 including a layer
of magnesia having its (100) plane contiguous with the (10T2) of
35 an alumina substrate. '



10. A solid: state dev; ce as’' ¢lained in claim8 includi ng a | ayer of
magnesi a havi ng its (110) plane contiguous wt tﬁh‘e‘(‘UIT@)-oHn—al um na

substrate. 11. A solid state device as clai ned | ng a | ayer
5 of magnesia having its (111) plane contiguous @ﬂi f an

al um na substrate. 12. A solid state device as cl ’al nce L nn i ncl udi ng
a |ayer of magnesia having its (111) plane contiguous wth the (0001) of an
alum na substrate. 10 13. A nethod of forming a barrier layer in a sokFrd
state device conprising depositing an epitaxial l|ayer of a super conduc‘dﬁ)r :
mat eri al on a substrate, depositing & ¥bnol ayer of magne5| a on sal d
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15. A rrethodgof forg\ ng a}I barrjer a solid state device as clained
in either clHirnf1ldd State i‘ﬁic\ﬁ/né? “ﬁe‘gliﬂr‘é]qil“‘ysotncﬂ@dmﬂtél d¥ers of said
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super conduct.Qr e are successively deposited on said substrate.
16 A solid atq‘ Flungﬁél %db%\lxﬁ%‘fel nit is made by the nethod of clains 13 to

15. 132672G3R2118)4d state device as claimed in claim 8 including a layer
of magnesia having its (111) plane conttguous with the <(0001) of
an alumina substrate.

10 13. A method of forming a barrter layer in a solid state device g*,
comprising depositing an epitaxial layer of a superconductor
material on a substrate, depositing a monolayer of magnesia on
said epitaxial layer and depositing a further epitaxial layer of
said superconductor material on said monolayer.

15 14. A method of forming a barrier layer in a solid state device
as claimed in claim 13 wherein said monolayer is deposited
simultaneously with said further epitaxial layer.

'15. A method of forming a barrier layer in a solid state device
as claimed in either claim 13 or claim 14 wherein a plurality of

20 monolayers of said second material and corresponding further
epitaxial layers of said superconductor material are
successively deposited on said substrate.

16 A solid state device wherein it is made by the method of -\
claims 13 to 15.
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