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We have studied the effect of deposition rate and layer thickness on the properties of epitaxjial MgB
thin films grown by hybrid physical-chemical vapor deposition on 4H-SiC substrates. Thg MgB
film deposition rate depends linearly on the concentration gigBin the inlet gas mixture. We
found that the superconducting and normal-state properties of the Mg are determined by the

film thickness, not by the deposition rate. When the film thickness was increased, the transition
temperaturél, increased and the residual resistivity decreased. Above 3000 A Ta of 41.8 K,

a pg of 0.28 uQlcm, and a residual resistance raRiRR of over 30 were obtained. @003
American Institute of Physics[DOI: 10.1063/1.1583852

For both fundamental studies and electronic applicationsubstrate is placed on the top surface of the susceptor with
of the magnesium diboride superconductiris desirable to  magnesium slugs nearby. When the susceptor is heated in a
have high-quality single-crystalline thin films with intrinsic hydrogen flow(400—1000 sccm at a pressure of 100—700
superconducting and normal-state propert.ies. Since it; disforr) to 720-760 °C, a high Mg vapor pressure necessary for
covery, the best values for the MgEroperties reported in  the MgB, growtt is generated near the substrate. Since the
the literature, in either bulk samples, single crystals, or thinsticking coefficient of Mg is very low above 300 %€no Mg
films, are a critical temperatufg, of 40 K2 a low residual film is formed on the substrate. The Mg®Im growth be-
registivitypo of 04'28 ’uQ cm. and a high residual resistance gins when the boron precursor gas, 1000-ppm diborane
ratio RRRof 25." Studies show that higRRRand lowpo (g 1y in H,, starts to flow into the reactor. In our previous
samples_ r:??ve to be prepared US";% high-purity boron angtudies, the flow rate of the,Blg gas mixture was 25-50
magnesium and proper heat 'Freatm' . On the other hand, sccm. In the present work, the total gas flow was kept at a
the T, near 39 K is relatively insensitive to the normal-state

e . . ~450-sccm flow rate and the reactor pressure was 100 Torr.
resistivity, likely due to the poor connectivity between grains . .
L . . The B,Hg gas mixture flow rate was varied between 50 and
in high-p, sample€. Recently, we have fabricated epitaxial 250 hich q h i th e f
MgB, thin films with bulk-like properties using hybrid * scem, W_'C cqrrespon stoac a”‘-}ﬁ‘ in the m?f rac-

tion of BoHg in the inlet gas from 1.X10 " to 5X10™".

physical-chemical vapor depositicdhlPCVD).” The quality X 3 ) .
of the HPCVD deposited films is reproducibly very high, The films were deposited on 4H-SiC substrates at 720 °C. We

which allows us to systematically explore the critical mate-have shown previously that SiC is an excellent substrate for
rials parameters for Mggfilms. In this letter, we present the 9rowing MgB; thin films™ X-ray diffraction showed that the
results for a series of MgBfilms with different thicknesses films arec-axis oriented and epitaxial, with in-plane align-
and show that the film thickness has a strong influence on th@ent between tha-axis of MgB, and thea-axis of SiC. The
superconducting and normal-state properties. In Mfigns  full width at half-maximum of the 0002 MgBpeak was less
that are above approximately 3000 A, thg, po, andRRR  than 0.30° in 2 and less than 0.65° im (rocking curve for
values are equal to or exceed the best reported values. the films described. The thickness of the films was measured
Detailed descriptions of the epitaxial growth of MgBy by a Dektak profilometer over etched edges.
HPCVD are contained in our previous publicatidfs. The deposition rate of MgBfilms as a function of the
Briefly, the HPCVD system consists of a vertical quartz re-B,H, gas mixture flow rate is shown in Fig. 1. The data were
actor with an inductively heated susceptor. A single-crystabptained from films of different thicknesses that were depos-
ited for different lengths of time. A linear dependence was
¥Electronic mail: avpl1@psu.edu observed. The deposition rate increases from about 3 A/s for
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FIG. 1. Deposition rate of Mggfilms by HPCVD as a function of the Big

gas mixture flow rate. The data are from films deposited for different lengthd™IG. 3. Resistivity versus temperature for a 2250-A-thick MdiBn depos-

of time. ited at 200 sccm of BHg gas mixture flow rate. The inset shows details at
the superconducting transition.

50 sccm to about 18 A/s for 250 sccm ofHB; gas mixture
flow. This is consistent with the thermodynamic prediction
that the MgB growth is adsorption-controlled with auto-
matic composition control. As long as the Mg vapor pressur
is high enough to keep the MgBhase thermodynamically
stable and the Mg:B ratio is higher than 1:2, the film com-

» : . o The rms roughness of this film is 260 A in this area.
position will automatically be maintained as MgBThe ex- Resistivity measurements by the four-probe method and
tra Mg will be in the gas phase and removed by the pump

system. The growth rate of MgHs then solely determined ac susceptibility measurements were used to characterize the
' : o ) : superconducting and normal-state transport properties of the
by the rate at which boron is incorporated into the film. Our P ¢ port prop

o ilms. Figure 3 shows the temperature dependence of the
result indicates that both the Mg vapor pressure and Mg:B__._.. . Rt . . .
ratio requirements were satisfied in HPCVD for theHg esistivity for a 2250-A-thick MgB film deposited using a

) . 200-sccm flow rate of the as mixture. The film has a
gas mixture flow as high as 250 sccm. S W A, gas mixtu ! >

: ) o . high T, of 41.7 K with a sharp superconducting transition
f Th? MgE, f”ml? dﬁ p05||t ed with h_lgh(_erﬂ-lihgastrrl]qlxture <0.1 K between 90% and 10% of normal-state resistjvity
qtvr\: :a es %:aneraty a'g\/e arge; gdraln S|.zesg| _lan dose 9rOWhs demonstrated by the inset to Fig. 3. The same narrow
th' d q\t/\r/]er25ow ra esl_'l S repor ? prftlawou yilms ?ﬁos.;h transition is also revealed by the ac susceptibility measure-
fed wi ~sccm BHe gas mixture ow are smooth wi ent. The residual resistivity of this sample is 0,28 cm
the rms roughness of 25—40 A and grain sizes about 0.1-0. d theRRRis ~30
’;‘L.mh MgBﬁ' films W!ﬂ: theﬂthlckntess up t? 2000 Atr?rgwtn atth It is important to determine whether the improved film
Igher B ‘e 9as Mixiure flow rates are aiso Smooth, but wi properties result from the higher deposition rate or the in-
larger grain sizes. An atomic force microscdgy~M) image

; ) . creased film thickness. For this purpose, a series of films
of a .840'A'th'Ck MgEQ. film deposited at 200 scem of flow were deposited at different deposition rates and for different
rate is presented in Fig.(®. It shows that the film is dense

and has a relatively flat surface. The rms roughness is 34 ngths of time. The thickness dependenc&obf the MgE,

Ims made at different BHg gas mixture flow rates is plotted
2 2 6
for a 10<10-um” area and 24 A for a 22-um’ area. The Fig. 4a@). As can be seen in the figure, there is no depen-

dence ofT, on the flow rate, and thus on the deposition rate,
but a clear dependence on the film thickness. Thevalue
increases from 40.3 to 41.8 K as the thickness increases from
420 to above 3000 A, an increase of 3.7%. At the same time,
the residual resistivity decreases with increasing film thick-
ness, as shown in Fig(ld). In the thickness range of 420 to
above 3000 Ap, decreases from 1.3 to 0.28)cm, a drop

of 80%. TheRRRvalues for the lowp, samples are as high

as over 30. Evidently, the critical parameter is the film thick-
ness, not the film deposition rate, in obtaining the high

and lowpg in the MgB; films. In both Figs. 4a) and 4b), a
saturation seems to have been reached above a thickness of
about 3000 A.

FIG. 2. Atomic force microscopy images ¢ an 840-A-thick MgB film . Th_e origin of the thickness dependence of the film p.mp'
denosited at 200 scem of,B, gas mixture flow rate, ant) a 3400-A-  €rties is not clear at present. The low values of the residual
thick MgB, film deposited at 250 sccm of,Bl; gas mixture flow rate. resistivity ciearly indicate that the films are very pure. This

average grain size is about 0.5—@8. For thicker films the
grain size can be larger but the surface becomes rougher.
Figure 2b) is an AFM image of a 3400-A-thick MgBfilm
edeposited at a flow rate of 250 sccm, which shows a grain as
large as 5um in size at the lower left corner of the picture.
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42.0 —————— ———————————— under tensile in-plane epitaxial strain. Hat al. have re-
n ported a higher-than-bulk; in MgB, films on boron crystals
(a) . o ° and suggested that it is possibly due to tensile sfrafitdi-
41.5¢ A o o - - rim and Guseren have predicted an increaseTin by the
= - . . c-axis compression by first-principle calculaticfisturther
< s ,.m studies are currently under way to better understand the na-
~41.0t = o 0 250 scem ture of the strain in the MgBfilms and to establish its cor-
- O 230 scem ; i :
A = 200 seom relation with f|_Im properties. N
A e 175 scom In conclusion, we found that the deposition rate of MgB
405} . films by HPCVD is proportional to the B gas mixture
A 150 sccm . . h .
v o 100 scem flow rate, c_onsstent with the thermodynamic predlctlon of
A 50 scem the adsorption-controlled growth of MgB The high depo-
40.0 == —————— sition rate leads to larger grain sizes and the film roughness
14} g4 . i increases with the film thickness. The superconducting and
Y €10 V‘.uv* e gucs normal-state transport properties, however, do not depend on
1.2+ § |a°"Re i the deposition rate, but rather on the Mgfim thickness.
T A i’ 5 Larger film thickness results in highdr., lower py, and
S 1.0y < “ higherRRR At above 3000 A, the best values afg=41.8
2 o8l . 02000 4000 ] K, po=0.28 42 cm andRRRabove 30. Understanding these
S A K Thickness (A) thlckne_ss depend_enmes may prowd_e |r!S|ghts into ways to
0.6+ VA EI. | further increasd . in MgB, or other diboride systems.
. o
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