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Epitaxial growth of NbN on an ultrathin MgO/semiconductor system

Masayoshi Tonouchi, Yoshivuki Sakaguchi, and Takeshi Kobayashi
Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan

(Received 5 December 1986; accepted for publication 24 March 1987)

NbN epitaxial growth on an uitrathin MgO/semiconductor system was carried out by reactive
sputtering. It was revealed that (100)-oriented NbN epitaxy was achieved on a { 100)}-oriented
Si substrate by introducing a MgO buffer layer as thin as 5 A at the interface. An interrupt-
sputtering technique was newly conducted to obtain the epitaxial films, which were
intermittently deposited by rf sputtering. A metal-insulator-semiconductor tunneling Schottky
diode with epitazial NbN was prepared using this technique, and evaluated in its current-
voltage characteristics. Our study indicated that the NbN epitaxy mechansim can be explained
by its growth on a (100) naturally oriented 5-A MgO layer.

I INTRODUCTION

Superconductor-semiconductor junctions have become
of technological importance as new superconducting devices
were proposed. Devices such as superconductor-base tran-
sistors (SUBSIT),"? superconductor-base hot-electron
transistors {Super-HET),> Josephson field-effect transis-
tors,” and so on,® need a clean interface between supercon-
ductor and semiconductor since they make use of the elec-
tron transport through the junction. Especially in the
SUBSIT and Super-HET devices, the intense scattering in-
side the base layer with the grain boundary and the impuri-

trathin insulator would cause its electrical characteristics to
closely correspond to those of a metal semiconductor. NoN
is well known to grow epitaxially on (100)-criented MgQO
films. Therefore, if we could obtain the (i00)-criented ul-
trathin MgO flm on a semiconductor, the NbN epitaxy on a
semiconductor could be realized.

In this work, we study NbN epitaxial growth on semi-
conductors by introducing an ultrathin MgO buffer layer at
the interface. The N6 films were prepared by a new depo-
sition method, interrupt sputtering, in which the film was
intermittently deposited to avoid plasma heating damage

ties may reduce the current transfer eficiency. We have  ouring film growth. Using this technique, the NON epitaxy
pointed out the significance of the epitaxial growth of super-  Was successfully achieved on Siby inserting MgO asthinas$
conductor on semiconductor for getting ideal hot-electron ~ “ between Si and NbN. Characterization of the deposited
transport properties in the Super-HETs.”* films was done by x-ray diffraction. As an application for the
Nb and NbN are promising candidates for device apphi- devices, Schottky diode characteristics with MIS structures
cation because they are refractory metals and have high su-  Were investigated. Furthermore, epitaxial NbN films were
perconducting transition temperatures. Their epitaxial  OPtainedon MgO (10A)/x-8i, which included the sefective-
growths on a-ALO, and MgO have been reported.”'” How- ly dope&.i p-type layer. This technigue enabled us to construct
ever, epitaxial growth on semiconductors has several prob-  the device on the plane-patierned substrates. )
iems, such as lattice mismatching, alloying, and micrograph ) It shou%d be empfhasnzed that this techr}lque can provide
formation. Therefore, reports on Nb(or NbN)/semicon- a high-guality material not only for the devices stated above,
ductor epitaxial growth are still very few. Very recently, Ei- but alsc for a r'mmb@r of applications i.e., to an SIS Junction,
zenberg et al. reported the Nb growth study on GaAs using other cryogenic devices, metal-base hot-electron transistors,
electron beam deposition.’’ They obtained (100)-oriented etc.
Nb growth on ( 100)-criented GaAs although the Nb/GaAs
system has large lattice misfit (~17%). The reaction . EXPERIMENTAL PROCEDURE
between Nb and GaAs was avoided because of the slow Nb A. Substrate preparation
growth at the substrate temperature of 170 °C. However, the . . . .
film had a small grain size of less than 20 nm. NbN is a more st dSE’ g;‘:; I;:?filf nd ;Ziz dﬂgs::fg:i: lﬁ;&fr;::
attractive material than Nb for a high frequency application, ¥ 3 ereally p . o
. . etched with HF solutions for 2 min, and InP and GaSbh wa-
because NbN has an onset of pair breaking at a frequency of ) . . . 1
more than 1500 GHz, whereas this onset occurs in Nb at fers were mechanochemically polished with Br-methano
f‘ v of about 700’ GHz. In order to easily obtain 2 good and boiled in ethanol. All of the wafers were then rinsed in
requency o abou - L OFGET RO €aSily Obraln 2 O water and dried by N,, and introduced into the deposition
superconductivity of the NbN thin filim, we have to depend , s .
) . . . chamber. We could not obtain the mirror surface of the
on a reactive sputtering technique. The sputtering depo- GaSb
sition on the semiconductor usually produced damage on the )
surface, resulting in a creation of the alloying and micro- . .
grain layers.'> We have tried the epitaxy on several semicon- B. MgC depesition conditions
ductors, but have not yet achieved this epitaxy due to the MgO films were deposited by tf sputtering of a 4V pure
alloying and/or the imperfection of the surface cleaning. MgO target in SN pure Ar gas under a total pressure of 5.6
The metal-insulator-semiconductor (MIS) structure is an Pa, a substrate temperature of 300 °C, and a power of 50 W.
alternative candidate for making a good junction. The ul- The deposition rate was 11 A/min. Prior to the deposition,
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the films were baked for 30 min in chamber at a substrate
temperature of 300 °C, and presputtered for 30 min. The
residual pressure was kept as low as 5.0 107% Pa.

C. NbN deposition conditions

The NoN film formation was carried out by rf reactive
sputtering of a 4V pure niobium target with a SN pure mix-
ture of Ar and 3.5% N,. The superconducting transition
termperture 7, of the films deposited onto glass substrates
strongly depends on the sputtering conditions, such as sput-
tering power Py, substrate temperature T, , and total pres-
sure P,.. To get a high transition temperature, a high 7, , a
large P, and an optimized P, were required. However, we
have to choose the condition which causes the least damage
to the thin MgO on the semiconductor. We chose a £ of 3.5
Pa, P; of 50 W, and 7, of 200 °C, leading to a deposition
rate of 30 A/min. Prior to the deposition, the sputter clean-
ing on the MgO surface was done at a Pg of 5 W for 2.5 min.
The film thickness of the NbN was kept to 900 A thick. The
900-A-thick NbN film routinely had a superconducting
transition temperature of 14.5 K.

In addition, the new sputtering method was introduced
toavoid surface damage during deposition. Since continuocus
spuitering deposition causes sample heating which would
create the alloying layer and the micrograin, the NbN films
were intermittently deposited by the interrupt-sputtering
technigue. The process is the following: a shutter is opened
for 3 min and closed for 3 min, after which the same proce-
dure is periodically repeated. This technique drastically im-
proved the film crystal quality as discussed in a later section.

D. Characterization of the epitaxial films

The films were characterized by an x-ray diffraction
study and electrical measurement of the MIS tunneling
Schottky diode curves. The epitaxial ratio of the NbN films
were determined by the factor of Lo/ (J340 + £141), Where
1., and I, are, respectively, the intensity of the x-ray dif-
fraction pattern of the (111} and {100) orientations of the
NbN films.

itf. RESULTS AND DISCUSSION

A. Mg deposition on semiconductors

MgO epitaxial growth on a semiconductor would be-
comie necessary in order to obtain (100)-oriented ultrathin
MgO film, since the tunneling device requires that the MgCG

TABLE I. Lattice constants of several semiconductors.
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be as thin as its monolayer. Table I gives the lattice constant
a of several semiconductors and fagtor 4/ @pgo, Where ayyq
is the MgO lattice constant of 4.21 A, showing that the factor
a/ Ay for the MgO/InP system is almost +2. It means that
the 45° rotated (100)MgG/(100)InP system has the mini-
mum fattice mismatching of 1.4%. However, even this com-
bination involves a significant lattice misfit, because the 2 1
structure (MgQ) has about twice as many atomic sites than
as a zincblende structure.

Apart from the epitaxy, MgO is known to grow with
strong preferential (100) orientation regardless of the sub-
strate selection. If this characteristic feature maintains at
one monolayer of MgO deposition, it will serve as a good
candidate to be the substrate for the overgrowth of the epi-
taxial NbN.

Figure 1 shows the x-ray diffraction pattern of 600-A-
thick MgO film deposited on the Si substrate. The spectral
peak at 26~43° corresponds to the (200) diffraction of the
(100)-oriented MgO film, which is the same result reported
in Ref. 10. The pattern, however, shows a wide shape and
small intensity, indicating that the prepared MgO film had a
slightly poor crystaliine quality. A problem lies in determin-
ing the orientation of the guite thin MgO film, for which the
diffraction intensity is commonly so weak that the direct
observation of the x-ray diffraction becomes useless. In-
stead, the x-ray analysis made on the overgrown NbN will
serve as the diagnosis of the underlying thin MgO film.

The surface morphology of the 30-A-thick MgO on InP
strongly depended on the sputtering condition, whereas mir-
ror surfaces of the MgO on 8i, GaAs, and GaSb were easily
obtained. Figures 2(a)-2(c) show the micrographs of the
MgO surfaces deposited 30 A on InP at substrate tempera-
tures of 300, 200, and 100 °C, respectively. The substrate
temperature strongly affected the surface morphology. Re-
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Semicond s Lattice i ducing the 7, , the mirror surface was obtained. However,
emiconductor - Structure constant (A) /g0 the surface of the 400-A-thick MgQ deposited under the
Gaas zincblende 5.65 1342 same conditions as in Fig, 2{0) ggain had a2 number of spotty
InP zincblende 5.869 1.394 defects which were 2~4 ym in diameter. The results suggest-
Si diamoxnd 5.431 £.290 ed that even MgO would easily react with InP due to the
gf;b ﬁgﬁgzﬁgﬁ g'ggz :'22 sample heating during the sputtering. To avoid the sample
InAs zinchlende 6.058 (439 heating, we introduced the interrupt-sputtering technique.
CdTe zincblende 6.477 1.538 Using this technique, we prepared the 400-A-thick MgO
films on InP. The surface of the film thus made had a mirror
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FIG. 2. Photomicrographs
of surface morphology of
the 30-A-thick MgO depos-
ited at (a) 300°C, (b)
200°C, and (¢) 100°C on
InP substrates.

surface. Apparently, this technique is usefu! for lessening the
surface damage for this case as well as for the NN depo-
sition case. However, we could not determine whether or not
the reaction was completely avoided.
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FIG. 4. The NbN epitaxial ratio as a function of the inserted MgO thick-
ness.

B. NbN deposition on an uftrathin MgO/semiconductor
structure

1. Epitaxial growth of NON

NbN is well known to grow epitaxially on (100)-orient-
ed MgO with a lattice mismaich of 4.1%. Figure 3(a) shows
the x-ray diffraction curves of 500-A WbM on 600-A-thick
MgO/8S1, revealing that it has a diffraction peak at 26 ~41°.
This peak corresponds to the (100) texture of the NbN with
a B 1structure, and it can be compared with the nonepitaxial
spectrum shown by curve (b). Namely, the epitaxy of the
NbN films was achieved on relatively thick MgO films al-
though the spectra had a wider shape due to the low quality
of the MgCU film. Our interest was in the NbN epitaxial
growth on the ultrathin MgO film. Figure 4 shows the epi-
taxial ratio as a function of the inserted MgO film thickness.
A glance at this figure reveals that by using the Si subsirate,
the NbN epitaxy was kept as thin as 5-A MgO, which is
almost equivalent to the monolayer. It should be emphasized
that the 5-A-thick MgQ is thin enough for the Schottky bar-
riers to work as almost ideal metal semiconductor junctions.
On the other hand, using the InP and GaAs substrates, the
MNbN epitaxy was not achieved on MgO film less than 30 A
thick. This behavior is probably caused by the reaction
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between MgO and GaAs or InP, which was suggested before
by the study of MgO deposition on InP.

Although we achieved the NbN epitaxy on 5-A MgO/
Si, there is a problem with the quality of the epitaxial layer.
Figure 5 shows the (200) diffraction peak intensity of the
NbN films possessing an epitaxial ratio of almost unity as a
function of the inserted MgO layer thickness. As the thick-
ness of the MgO films decreased, the intensity became weak.
This suggests that the thin MgO film has low quality and, to
get the stable NbN film quality, an MgQ film of more than
100 A is necessary. To get excellent crystallinity of NbN, the
MgO layer must be improved in quality by changing the
deposition condition or preparation techniques such as elec-
tron beam deposition, MOCVD, etc.

An amazing result of this technigue is that the NbN
epitaxy is achieved on 5-A MgO/Si even though the MgO/Si
structure has a large lattice mismatch (8.8% ). Since the
mechanism of the (100)-oriented NbN growth originates in
the epitaxial growth on the (100)-oriented MgO, it appears
that even 5-A-thick MgO became fully oriented in the (100}
direction. To study the mechanism of the MgQO growth with
the (100) orientation, we carried out the NbN growth on the
MgO thermalily oxidized Si substrate, where the Si substrate
was oxidized in O, atmosphere at 1000 °C for 1 h. The NbN
epitaxial layer was then obtained even on a 10-A MgQ/SiC,
structure, which suggests that the mechanism of the epitaxy
cannot be explained by the epitaxial growth of MgO but
rather by the natural orientation or the graphoepitazy of
MgO. The possibility of 2 MgO graphoepitaxy might be due
to the structural surface deformation introduced during the
sputter cleaning of the substrate surface.

On the other hand, as shown in Fig, 2, the alloying
between MgO and substrate materials (InP, GaAs) prevent-
ed the thin MgO layer from growing with a fully aligned
crystal axis. This implies that even natural orientation re-
quires a clear interface free from constituent atom mixing.

2. inferrupt-sputtering technigue

The interrupt-sputtering technigue improved the film
quality. The comparison of this technique and usual sputter-
ing are given in Fig. 6. It reveals that the (200) diffraction
peak of the 900-A-thick NbN film produced by the inter-
rupt-sputtering [Fig. 6(a)] had a larger intensity and a
smaller full width at half maximum (FWHM) of the rock-
ing curves than the film prepared by usual sputtering |Fig.
6(b)]. Figure 7 gives FWHM as a function of the inserted
MgO layer thickness. A glance at this figure reveals that the
new technique provided films with smaller FWHM, shown
by open circles, than the continuous sputtering technique,
shown by filled circles, regardless of the MgQO thickness.
Futhermore, the NbN epitaxy layer was not obtained on
MgO less than 30 A thick using the usual technique. The
results indicate that the continuous plasma heating of the
substrate surface worsened the film crystal quality.

3. Sputter cieaning study

The effect of the sputter cleaning of the substrate surface
taken just before the MgO deposition was studied. The in situ
cleaning was done by Ar ambient (5.6 Pa) with several dis-
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FIG. 6. X-ray diffraction patterns for the films prepared by (a) interrupt
sputtering and (b) usual sputtering.

charging powers for 1.5 min. The surfaces of the substrate
wafers were usually contaminated with water vapor, hydro-
carbon, oxide, etc. To obtain good crystallinity of the NbN/
MgO heterolayer, those contaminations had to be eiminated
just prior to the film deposition. Figure 8 shows the NbN
epitaxial ratio versus sputter cleaning power. The NbN epi-
taxy on the 10-A MgO/Si structure does not depend much
on the sputter cleaning condition, whereas the epitaxy on the
30-A MgO/GaAs strucure stongly depends on it. At the
region of the excess sputtering power, the cleaning process
may cause unfavorable surface damage, especially for the
Gahs. The optimized power for GaAs was 15 W. However,
this cleaning technigue would, in principle, simultaneously
cause damage of the GaAs, which may become one of the
factors that prevents the NbN epitaxial growth on the GaAs
substrate. Therefore, the other cleaning techniques such as
the thermal removal of the oxide layer, H, plasma cleaning,
etc. which gives the least damage, must be introduced.

T T {

o 20r
&
z
¥ 1.5f .
z
F 1.0} J
- O

0.8}

0 £ ] i

1] 100 1600
MgO Thickness (A)
FIG. 7. Full width ai half maximum {FWHM) of the rocking curves vs the

inserted MgO thickness. Open circles are for the film prepared by interrupt
sputtering; filled circles are for those prepared by the usual sputtering.
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C. Application for the MIS tunneling diode
1. MIS tunneling Schottky characteristics

The epitaxial NbN/MgO/Si MIS Schottky diodes were
fabricated from wafers prepared for this work. The NbN
electrodes 100 ysm in diameter were made by the convention-
ai photolithography and CF, dry etching. MIS tunneling
Schottky diode curves measured at room temperature are
given in Fig. 9 as a parameter of the MgQO fiim thickness. The
dashed curves for the samples with 10-, 20-, and 30-A-thick
MgQO were calculated in Ref. 13 by the following formula
given for the MIS tunneling Schottky diode:

F=8A4*T2exp( —a,¢'%d)

Xexpl — g@p/kT){exp(gV /kT)y — 1},

where 8 is the junction area, 4 * is the effective Richardson
constant, 7 is the ambient temperature, a; is 1.025, gd is
the effective barrier height of the insulator,  is the thickness
of the insulator, g is the Schottky barrier height, and k is
the Boltzmann constant. Except for the term exp( — a,
&'/%d), this is the same expression as that for the thermionic-
emission eguation for the Schottky barriers. We assumed
MgO thicknesses of 8, 18, and 28 A, respectively, because the
MgO could be slightly removed (2 A) by the sputter clean-
ing before the NbN depositions. We also assumed a Schottky
barrier height for NbN and Si junctions of 0.6 eV and an
average MgO effective barrier height of 2.8 ¢V."* The ap-
proximate agreement cbtained between the experimental
and calculated results is shown in Fig. 9.

10 T —r
L é WS ¥ MgO i aj
0¢ 10 'a 20! =304 ®
' ¥ 18
@ b | !
e ; ! i®
20T 4§
= Foioa ! ; FIG. 9. Current-voltage
© ? ' P 1 curves of the prepared MIS
5 ® & ‘7 B tunneling Schottky diode
G s i i ! J as a parameter of the MgQ
§ &
0 I ¢ A vi B thickness.
= ) ' i
| { § B i
toa i i i
? ] A B
to'm R ! L P : s
o] 1 2 3 4
Veoltage (V)
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Epitaxial NbN .
FIG. 10. Schematic drawing

MgO of the prepared structure.
NbN epitaxy was obtained
using n-type Si including a
patterned p-type layer.

p-Si(B-diffused)
n-Si(sub.}

2. Epitaxial growth on patferned Si subsirates

For the device application, a fabrication of the device in
a planar structure is important, since a device which is not
flat is likely to result in a grain boundary, pin holes, and
other defects. We tried NbN epitaxial growth on 10-A-thick
MgO using n-type Si in the paiterned p-type layer as drawn
in Fig. 10. The p-type layer was patterned by selective boron
diffusion into the n-type substrate. The 10-A MgO film was
deposited on the substrate, foliowed by the NbN deposition
in the same manner as described previously. The epitaxial
ratio of unity was also successfully obtained even on this
substrate wafer.

V. CONCLUSION

The most important conclusion of this work is the
achievement of MbN epitaxy on the 8i substrate by introduc-
ing the monolayer MgO buffer layer at the interface. The 5-
A-thick MgO is thin enough to provide the various devices
which requires the ideal metal-semiconductor junciion.
Moreover, it goes without saying that this technigue would
improve the characteristics and reproducibility of the super-
conductor-base hot-efectron tramsistor. Other conclusions
include the following: The interrupt-sputtering technique
was newly introduced in the NbN deposition process, result-
ing in a large improvement of the crystal quality of the epi-
taxial NbN film. The NbN epitaxy was achieved on the thin
MgQO/selectively patterned Si structure, which can provide
the device with flat patterning. Good MIS tunneling

Schottky characteristics were also obtained.

ACKNOWLEDGMENTS

This study was supported by a Grant in Aid for Scientif-
ic Research of the Education Ministry of Japan. The authors
wish to thank Professor T. Yamashita for useful discussions
on the MgO growth study. The authors alsc wish to express
their gratitude to Professors E. Fujita and K. Ohshima for x-
ray analysis. We also thank K. Hashimoto for the lattice
matching study.

'D. J. Frank, M. J. Bradt, and A. ID. Davidson, IEEE Trans. Magn. MAG-
2%, 721 (1985).

’H. Tamura, §. Hasuo, and T. Yamacka, Jpn. J. Appl. Phys. 24, L709
(1985).

*M. Tonouchi, H. Sakai, and T. Kobayashi, IJpn. J. Appl. Phys 25, 705
(15863.

“H. Sakai, Y. Kurita, M. Tonouchi, and T. Kobayashi, Jpn. J. Appl. Phys.
25, 835 (1986).

°T. D. Clark, R. J. Prance, and A. D. C. Grassie, J. Appl. Phys. 5%, 2734
(1980).

*f. Kobayashi, Y. Miurs, M. Tonouchi, and K. Fujisawa, IEEE Trans.
Magn. MAG-28, 924 (1985).

"T. Kobayashi, in Extended Abstracts of Solid State Devices and Muterials
{Tokyo, 1986), p. 439.

Tonouchi, Sakaguchi, and Kobayashi 865

WD EX1099

Western Digital v IP Bridge, IPR2024-01493
Page 965

Z119€:00 5202 Jequisydes 90



M. Tonouchi, H. Sakai, T. Kobayashi, and K. Fujisawa, presented at the Lett. 49, 422 (1986).
1986 Applied Superconductivity Conference, Baltimore, Sept. 28-Oct. 3, 12T, Kobayashi, H. Sakai, Y. Kurita, M. Tonouchi, and M. Okada, Jpn. J.

edited by J. F. Schooley (to be published in IEEE Trans. Magn.). Appl. Phys. 25, 402 {1986).
°G. Oya, M. Koishi, and Y. Sawada, J. Appl. Phys. 60, 1440 (1986). 13§, M. Sze, Physics of Semiconductor Devices (Wiley, New York, 1981), p.
10T, Yamashita, K. Hamasaki, Y. Kodaira, and T. Komata, IEEE Trans. 546.

Magn. MAG-21, 932 (1985). 4. Shoji (private communication }.

''M. Bizenberg, D. A. Smith, M. Heiblum, and A. Segmiiler, Appl. Phys.

266 J. Appl. Phys., Vol. 82, No. 3, 1 August 1987 Tonouchi, Sakaguchi, and Kobayashi 966

WD EX1099
Western Digital v IP Bridge, IPR2024-01493
Page 966

Z119€:00 5202 Jequisydes 90





