IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 13, NO. 2, JUNE 2003 3245
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Abstract—Since the recent discovery of superconductivity in TABLE |
MgB,,, various groups worldwide have been actively studying the PULSED-LASER ABLATION OF BORON TARGET AT ROOM TEMPERATURE
growth of thin films based on this material. Impressive progress IN DIFFERENT BACKGROUND PRESSURES ANIBAS ENVIRONMENT
has been made, but various materials science challenges areg ;= P Gm ™ Results
still left to be solved. Guided by our own activities in this field, (mbar) (mbar)
and reports presented in the literature, we reflect here on those
challenges and possible ways for further improvement. ALOs 3x10° Ar 0.22 B.0;
Being important ingredients for many electronic applications, ~ ¢P1an) 4x10%
fabrication of Josephson devices and nano-structures in MgBthin S 4x10% Ar 0.22
films will furthermore be described. (1%HFETCHED) s Ar+4%H, 02 85 % B

15 % By0s

Index Terms—Josephson junction, MgB, thin films, pulsed-laser
deposition, SQUID.

Our pulsed laser deposited MgBfilms were prepared
[5]-[7] in two ways: by depositing from an Mg-enriched MgB
HE two most important challenges faced in growing target (where the excess of Mg is used to compensate for loss
situ high-quality MgB, thin films are arguably the high of volatile Mg during deposition) and by growing multilayered
magnesium and boron reactivity with oxygen, and the Migms of Mg and B. The substrates used were Si, SiC, S§TiO
volatility. To overcome these difficulties special measures to tiid, O3 (c-plane and--plane), and MgO.
thin film fabrication process are required. Many groups have The studies of the influence of the deposition temperature
introduced various ingenious concepts, which have enabldre done on the films made on MgO substrates. The films
a steady progress in the quality of the obtained films. Thigere deposited at room temperature, 2D@&nd 300C using
process is still far from being finished. After the enhancemeah Mg-enriched MgB target. The pulsed laser deposition was
of the critical temperatur@, to levels approaching the bulk.  typically carried out for 6 min at 10 Hz at energy density of 4
of 39 K, the next challenge will be to enhance the crystallinit§/cn?, in an Ar-background pressure of 0.17 mbar, resulting in
and decrease the defect density, preferably by establishathickness of about 200 nm. The high temperature-annealing
methods for growing epitaxial films. step was performed by heating the films’fg,, = 600°C,
Based on our own experiments we reflect here on the varickeeping the temperature fixed at this value for a few minutes
challenges faced and possible ways for further improvement,asl cooling down to room temperature, all in 0.22 mbar of Ar.
well as our research on Josephson devices based on this mabeavoid Mg-loss, the total annealing procedure was maintained
rial. short and in the temperature range betweer? @58nd 600C
the sample was kept in a pulsed (5 Hz) Mg plasma [6], [7]. The
Il. THIN FILM PREPARATION films grown at 200C showed!.’s of 26—27 K, which was a few
. o . degrees higher comparing @ of the films prepared at room
Ideally one would like to grow MgBthin films at a high tem- tgfnperature. On the other hand, films made ac@@ere not

perature, forming the right phase in a single step without an asuperconducting at all [7].

ditional annealing. D_ue_to the_vola_tlllty of Mg (vaporpressure_: 'S The multilayered films, grown from metallic Mg and B tar-
1 mm Hg at 620C) this ideal situation can only be reached with
ets on MgO substrates at room temperature and annealed at

an extreme Mg/B flux-ratio during growth [1], [2]. Hence, . . "
i . . ; . 0C°C [6], [7], had a slightly higher critical temperatute. o ~
two-step process is adopted in which a precursor film underng%sK)! possibly due to the use of metallic targets as pure precur-

an additional high temperature annealing step. The anneallsncgs as compared to sintered Mg—MgRrgets.

can be donex-situ[3], [4], butin order to obtain well-controlled X-ray diffractometry reveals no or hardly any Mgeaks
growth and smooth film@-situ methods have been developeqor our films, indicating that the films are polycrystalline with

by us [5]-[7] and various other groups [4], [8]. very small grain sizes.

Besides the Mg-volatility, a further major challenge in
Manuscript received August 6, 2002. This work was supported by the D“tirowing MgB, thin films is the high magnesium and boron
Foundation for Research Matter (FOM) and the Royal Dutch Academy of Ar L -
and Sciences, and is part of the MESA strategic orientation on Materials Scieﬁ@é‘CtN'ty with oxygen.
of Interfaces. To investigate the role of oxidation, pulsed-laser deposition of
The authors are with the Low Temperature DivisidiiZSA+ Research In- boron was investigated in more detail (Table |)_ A boron target

stitute and Faculty of Applied Physics, University of Twente, The Netherlands . . .
(e-mail: d_mijatov?g@tnPu’)twente_?,/l)_ b was ablated for 10 min at 25 Hz in 0.22 mbar of Ar orin 0.2 mbar
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Fig. 1. XPS measurement of the samples deposited on Si (1% HF etched o . . .
substrate) shown in Table I. The sample surface was cleaned by Ar ion millifgd- 2. Schematic view of the combined PLD and sputtering technique.

The closed circles present the sample made ir-A% H. and the open ones
in an Ar environment.

proach we propose here a new concept for MgRposition

) . ] _ (Fig. 2), which combines two techniques: sputtering of boron
or on Si (where the surface Sivas removed by etching with 54 pylsed-laser deposition of magnesium. Using this approach

1% HF) in base pressures 030" mbar [9]. The ablation in e Mg/B flux ratio can be adjusted. The low heat conductivity
Ar resulted in the formation of B0; films, as revealed by XPS ¢ horon easily causes splashing during PLD of boron, there-
measurements on the films on Si and by the optlca! transparefgy  sputtering seems to be a better way of depositing this ma-
of the films on ALO;. The presence of £33 on Si leads t0 (grig|. |n experiments done by Uedaal. [9] the high volatility

the conclusion that the oxygen from the substrate does not p@f\/lg limits the deposition temperature to about 32@nd re-

a crucial role and that the oxygen is entirely coming from thgjires an extremely high Mg flux. In this new concept, we are
background atmosphere, possibly in the form of residual watgg|e 1o vary the Mg flux independently from the B flux by ad-
vapor. The large affinity of boron and magnesium to 0xygen efisting the laser frequency and the shape of the plasma. The
phaS|zges the need of a high vacuum base pressure in the opﬁlﬁﬁ Mg flux is expected to allow higher deposition tempera-

of 10" mbar in the chamber. This is also in line with the expefy e, which is foreseen to lead to a better crystallinity of the
iments of Uedat al.[10], who obtained up to now the highestiing The proposed approach is best combined with the earlier

T of 36 K for in situ grown MgB thin films by MBE and - mentioned high vacuum and gas mixture of Ar and H
e-beam evaporation in systems with a base pressure oftb0

107 mbar.
Interestingly, films made in Ar4% H. contained 85% of un- [1l. JOSEPHSONDEVICES
bound B (Fig. 1), suggesting that the addition of hydrogen-gas

can be fruitful in the growth of MgBfilms. Soon after the discovery of superconductivity in MgB

In th £ multil ¢ d by the alt i blati jﬁectroscopic studies were performed on this material and a dc
nhe case of muttiayers formed by the alternating abatio sephson current was observed in point-contact junctions [11].
”0”.‘ Mg and B targets, §uperconduct|ng thin films WelRpart from these fundamental studies, Mg interesting
ach|ev§d, although according tq the XPS results desc”%a application in Josephson electronics and SQUIDs and first
above, it can be stumed thai@® films were formed between realizations have already been reported [12]—[14].

]tche Mt?'\ layers. Slnge tthe sarr1nples _\t/v_ere anngaliclj attCB(DO Besides the larger critical temperature of Mg compared
orm the Superconducting phase, 1t 1S cohceivable hed8 to the low4. material, a further positive aspect is the larger
melted partially durlr_lg annealing (the melting point ojﬂ&_@ charge carrier density of MgBthan the high#, materials,

is 450°C), reacted with Mg and formed the Mgkphase with which is deemed to be beneficia.g.,for the noise properties

MgO inclusions, resulting in superconducting films with ¢ Josephson devices. Furthermore, taking a multiband nature

reduced critical temperature. Here also, no Mgieaks were . .
. . ; ’ ) of superconductivity and the two different gaps of MgiBto
observed in X-Ray diffraction pattern. These expenmené P y gap

tcount, largd.. R, products are feasible, which was recentl
were done in Ar environment and it can be expected that t » "argeelin P ' y

T i . Ginted out by Brinkmaret al. [15]. For tunneling in the
deposition in mixture of Ar and FHcan result in an increase Ofdirection of thea—b plane of MgB, an1. R, product of 5.9 mV
T.. i .

is predicted and 4.0 mV for tunneling in theaxis direction.
The maximum observefl. we obtained for MgB thin films P 9

preparedn-situ by pulsed-laser deposition, is 28 K. This re- . .
ducedT,. compared to the bulk value is at least partially at’/—'\' All-MgB, Multilayer Junction
tributed to the very small grain sizes of MgBhe presence of  As a first step toward MgB Josephson electronic circuitry
MgO inclusions and to possible impurities in the starting matese have realized all-MgBmultilayer junctions in a ramp type
rial. configuration. The electrodes were made of MgiBms de-

As mentioned above, we have used Mg-enriched MgB- posited from an Mg-enriched MgBtarget and a 12 nm MgO
gets to compensate for the Mg-volatility. In an alternative apayer formed the junction barrier layer. The details of the fabri-
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6001 of these bridges confirm that the grain boundaries in our poly-
T=4K crystalline films show strong link behavior [16], and that high-
g 300 quality nanostructures can be realized in MgB
€ ol { o _ IV. CONCLUSION
g ;g 100 o Thein-situ preparation of superconducting Mghin films
8 -300+ 50 by pulsed-laser deposition is discussed in this paper. The re-
5:;22 duced transition temperature of 28 K as compared to the bulk
-600 L 106780650 100 value (39 K) is possibly due to the small MgBrain-size, impu-
‘ . Votage &) rities present in the starting material and MgO inclusions formed
-600 -300 0 300 600 in the films. Combined PLD from an Mg target and sputtering
V0|tage (“V) from a B target is proposed as a possible technique for the for-

mation of epitaxial MgB thin films.
Fig. 3. Current-voltage characteristics of @ wide junction measured at  Films prepared in a two-step process from an Mg-enriched
J.‘L rlfc'tiz rr‘]eait”fgltosg?_l"‘z’s(ffgﬁp[i{‘i];‘eps that appear by microwave iradiating ﬂ)\'@gB2 target were used to fabricate multilayer Josephson

devices. All-MgB, ramp-type Josephson junctions with a

12 nm MgO barrier-layer were realized, showing RSJ-like
cation and the characterization of the junction are describeddiirrent-voltage characteristics. The dc-Josephson effect was
[13]. demonstrated by the observation of the critical current and

The nonhysteretic current-voltage-V') characteristic of a its modulation by applied magnetic fields. The ac-Josephson

7 pm wide junction atl’ = 4 K is depicted in Fig. 3 and fol- effect has been demonstrated by the appearance of Shapiro
lows the behavior that is expected from the Resistively Shuntegps under applied microwave irradiation.

Junction (RSJ)-model. The resultidgR,, product of 130uV MgB, ring-structures incorporating nanobridges display
at 4.2 K is lower than the theoretical expectations [15]. Josephson quantum interference effects, which forms the basis
The critical current was found to modulate by applying for the creation of an all MgB SQUID. These nanostructures

magnetic field perpendicular to the current direction and paiave outstanding critical current densities of Z0° Alcm? at

allel to the substrate. A suppression of the critical current kg2 K.
up to 70% was observed. THe( H)-dependence differs from

the Fraunhofer dependence that is expected for a small junc-
tion with a uniform current distribution, indicating the nonho-
mogeneity of the barrier. The ac Josephson effectis shown in th&he authors thank F. Roesthuis for his assistance and discus-
inset of Fig. 3, where a complete modulation of the supercurresions.
and the formation of Shapiro steps at multiple$’o£ 20.7 uV

were observed by microwave irradiating the junction at 10.0

GHz atT = 4.2 K. " o ) A g i
~ ; 1] Z. K. Liu, D. G. Schlom, Q. Li, and X. X. Xi, “Thermodynamics of the
For ramp-type contacts that were prepared without a Mg-B system: Implication for the deposition of Mgghin films,” Appl.

MgO barrier layer, a very high critical current density of Phys. Lett.vol. 78, pp. 3678-3680, 2001.
3x10° A/lem? atT = 4.2 K was observed, implying that the [2] W. Joet al, “In situ growth of superconducting Mgpthin films with

; : ; ; preferential orientation by molecular-beam epitaxdgpl. Phys. Lett.
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