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Homoepitaxial n-type InAs-coupled superconductingjunctions are investigated. The n-type 
channel layer on a p-type substrate has nearly the same mobility as bulk crystal and the layer 
can be isolated electrically from the substrate by the built-in potential at the p-n interface. As a 
result, the critical current-normal resistance (feRN) product of the homoepitaxial n-type 
InAs-coupled junction is at least 30 times better than those of the bulk n-type ones, The 
coherence length S N is calculated using the experimentally obtained carrier concentration, 
mobility, and effective mass. Temperature dependence of Ie agrees with calculations based on 
the proximity effect theory which can be applied to the intermediate regime between the clean 
and dirty limits. 

I. INTRODUCTION 

Recently semiconductor-coupled superconducting 
junctions using the superconducting proximity effect have 
been investigated HO as a step towards superconducting 
transistors. The most important quantity in the proximity 
effect is the coherence length in the normal metal, which 
corresponds to the decay length of the pair potential. The 
coherence length depends on the relation between the mean 
free path and the thermal diffusion length of the normal met
al. In the dirty limit case where the themlal diffusion length 
is much longer than the mean-free path, de Gennes and 
Werthamerll ,!2 has shown the coherence length depends on 
the diffusion constant of the normal metal. Seto and Van 
Duzer13 has applied the de Gennes-Werthamer theory to the 
semiconductor-coupled superconducting junctions. On the 
other hand, the dean limit cases where the mean-free path is 
much longer than the thermal diffusion length have been 
investigated theoretically and experimentally. 14-16 However, 
the intermediate case between the dirty and clean limits has 
not been well studied. Recently, Tanaka and Tsukadal7 have 
proposed the theory of the proximity effect which bridges 
over the two limits of the dirty and clean system by using 
Green's function method. The purpose of this paper is to 
clarify the intermediate case experimentally. 

In our previous paper4 for bulk n-type InAs-coupled 
junction, the experimentally obtained coherence length from 
the temperature dependene-e of critical current Ie has dif~ 
fered from the calculated value based on the Seto-Van 
Duzer theory. This fact suggests that the mean-free path of 
the bulk n-type InAs is comparable to the thermal diffusion 
length, and the dirty limit case is no longer applied to the 
junction. However, the lefor bulk n-type InAs-coupled 
junction cannot be exactly determined near the critical tem
perature. This is because the normal resistance R N is very 
small due to the leakage current into the substrate. 

This paper reports on a homoepitaxial n-type InAs-cou
pled superconducting junction. Here, this junction offers a 
low leakage current, because the built-in potential in the p-n 
junction isolates the channel layer from the substrate. As a 
result, the critical current~normal resistance feR N product 

is improved and the Ie near the critical temperature can be 
exactly measured. Moreover, homoepitaxial growth of the 
channe11ayer provides high electron mobility close to that of 
the bulk n-type InAs, in contrast to the heteroepitaxial n
type InAs.8 The coherence length can be estimated, based on 
experimentally obtained val.ues of carrier concentration, 
mobility, and effective mass. Therefore, the experimentally 
obtained temperature dependence of Ie can be exactly com~ 
pared with the dirty, clean, and intermediate case. The pres
ent experiment clearly shows that the coherence length is 
described by the intermediate regime where the mean-free 
path is comparable to the thermal diffusion length. 

II. EXPERIMENT AND DISCUSSION 

A. HomoepltaxiallnAs growth 

Homoepitaxial InAs layers were grown by molecular
beam epitaxy (MBE) on (l00)-oriented p-type InAs (Zn
doped) substrates. Elementa199.9999% In and 99.99999% 
AS4 source materials were used. Si and Be were used as the n
type and p-type dopants. The InAs substrates were etched in 
HBr:3% Br-methanol:H2 0 solution (2:1:1), rinsed in the 
deionized distilled water and blown to dry with pure nitro
gen before being indium-soldered onto the Mo heating 
block. Prior to the epitaxial layer deposition, the substrates 
were heated in vacuum at 500 °C for 10--20 min in an arsenic 
flux to reduce surface contamination and to reconstruct the 
surface crystallinity. The surface structures of the substrate 
were monitored by reflection high energy electron diffrac
tion (RHEED) prior to epitaxial layer growth. The epitax
ial layer was monitored by RHEED during and after 
growth. The homoepitaxial structure consisted of an n-type 
InAs channel layer (0.2-1.0 (.lm thick) and a p-type InAs 
buffer layer (1.0 Il-m thick) on a p-type InAs substrate. The 
p-type InAs buffer layer was made in order to eliminate the 
effect of defects and Zn interdiffusion, which was estimated 
to have a diffusion length of about 0.1 }tm from the InAs 
substrate by secondary-ion mass spectroscopy (SIMS). The 
InAs layers were deposited at growth rates of 0.6 to L3 
(.lmlh at growth temperatures in the range 430 to 480 'C, 
with AS4 :1n flux ratios varying from 20: 1 to 50: 1. Films 
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grown under these conditions were mirrorlike with few sur-
face defects. -

B. Comparison of I~ V characteristics 

The structure of a homoepitaxial n-type InAs-coupled 
superconducting junction is illustrated in Fig. 1. Nb elec
trodes were patterned by a lift-off technique. First, a resist 
for the Nb electrodes was patterned by electron-beam lithog
raphy. Then, the ridge structure ofInAs, which forms a su
perconducting channel, was formed by shallow etching. 
After Ar sputter cleaning at the InAs surface, Nb was depos
ited at an angle from both directions of the ridge. The final 
process was lift-off. The itO-nm-thick Nb electrodes have a 
Tc of9.0 K, the length L between Nb electrodes is O.36,um, 
the width Wis 80,um, and the thickness d of the n-type InAs 
channel layer is 0.35 11m in the junction of sample 1. 

The J-V characteristics of the homoepitaxial n-type 
InAs-coupled junction are compared with those of the bulk 
n-type InAs-coupled junction at 2.0 K in Fig. 2. Table I 
shows junction properties using homoepitaxial n-type and 
bulk n-type InAs substrates. The results dearly show that 
R N and the I cR ,'Ii product of the homoepitaxial !Hype InAs
coupled junction are at least 30 times as large as those of the 
bulk n-type InAs-coupled junctions. However, this qualita
tive comparison is not very meaningful due to the difference 
in the mobilities and the carrier concentrations of the two 
different types of junction. This fact suggests that the leak
age current remarkably decreases, and that the current only 
flows into the n-type InAs-channellayer. It is thought that 
the good isolation resulted from the built-in potential in the 
p-n junction. 

C. Coherence length 

According to the proximity effect theory, II a pair poten
tial is induced in the normal metal ofa superconductor/nor
mal (5 IN) sandwich system. The most important quantity 
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FlG. 1. Schematic of the fabricated junction structure. (a) Cross-sectional 
view and (b) electrode configuration. 
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FIG. 2. Comparison of de 1- V characteristics between the homoepitaxial 
and bulk n-type lnAs-coupled junctions at 2.0 K. Ca) Junction using ho
moepitaxial n-type InAs with carrier concentration n of 1.5 X 1017 cm' 3, 

Icngth L of O.361iffi between Nb electrodes, and width Wof 80 pm. (b) 
Junction using bulk n-type InAs with n = 2.3 X 1018 cm- " L = 0.24 lim, 
and W = 80 lim. 

TABLE 1. J unction properties using homoepitaxial n-type InAs and bulk n
type In As substrates at 2.0 K. L, d. n,jL,Ico R.v, and IcRN are defined in the 
text. 

Homoepiiaxial 
(sample I) Bulk 

L(lim) 0.36 0.24 0.5l 0.51 
d(f.lm ) 0.35 
n(cm- 3 ) l.5 X IOI7 2.6X 10'" 2.5x 10'7 2.4 X 10'6 
t-t(cm2/V s) 2.1 X lO4 l.OX 10' 1.7 X 10" 2.5X 10' 
Ie (J.lA) 109.8 600 46 5.3 
R,,(H) 0.361 0.0021 0.0125 0.13 

IcRN(mV) 0.0396 0.0013 0.0006 0.0007 
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in this system is the coherence length in the normal metalSN ' 

The expression for 5N depends on the ratio ofthe mean-free 
path 1= VF1" and the thermal diffusion length LT = (MJ I 
ks n l/2, where VF is the Fermi velocity, r is the relaxation 
time, and D is the diffusion coefficient in the normal metal. 
In the dirty limit, where I <LT , the coherence length is ex
pressed as 11 

5N Cn = (n3/-l1617"kB Tem*) If2(3rrn)I/" I<L T • (1) 

In the clean limit case, where I>L1" the coherence length is 
expressed as15,16 

5N Cn = (nl 2,f317" kB Tm*)(3rn) 1/3, I>LT' (2) 

Recently, Tanaka and Tsukada17 introduced a coherence 
length for the general case using Green's function method. 
Here, the coherence length can be applied to the intermedi
ate case, where I is comparable to Ln and is given by 

S'N (n = [n3flI61rk B Tem*(1 + 21TkB Trln) r /2 (3rrn) 1/3. 

(3) 

The induced pair potentiallJ.N at the S I Nboundaryex
ponentially decays in the normal metal if L > 5N holds, and 
is given by 

A.N(X)a:exp( -XIsN ). (4) 

The above equation can be applied to the dean limit as well 
as to the di.rty limit,16 Therefore, the critical current is de
scribed as 

(5) 

D. Transport properties of epitaxial n-type InAs layers 

As has been shown, the coherence length of the n-type 
InAs-channellayer in the superconducting proximity effect 
system depends on the carrier concentration n, the mobility 
fl, and the effective mass m*. To compare the experiment 
with the theory, these values must be determined. Here, n, fl., 
and m* are determined from the magnetic transport proper
ties. First, the mobility was estimated from magnetoresis
tance measurements. Resistivity was measured by the stan
dard four-probe method with Au corbino electrodes. The Au 
electrodes were made by evaporating Au with a lift-off tech
nique after Ar sputter cleaning. The Au electrodes had a 
corbino-disk structure with an inner diameter 150 p.m and 
an outer diameter 350 /-lID. The resistance values of sample 1 
were proportional to the square of the magnetic field at 3 K 
as shown in Fig. 3. The mobility was estimated to be 
2,1 X 104 cm1 IV s at 3 K using the corbino-magnetoresis
tance expression: 1l.R(B)IR(O) = 1 +/-l2B2 up to 0.5 T.t8 
This magnetoresistance mobility agrees very wen with the 
calculated one of 2.2 X 104 cm2 IV s using the resistivity and 
the carrier concentration, obtained from the period ofShub
nikov-de Haas (SdH) oscillation. This result shows that the 
magnetoresistance mobility is equal to the drift mobility of 
InAs. 

The carrier concentration and the effective mass can be 
determined by analyzing the SdH oscillations. The period 
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FIG, 3. Variation in the resistivity as a functi()n of the square of the magnet
ic field at 3 K. 

and temperature dependence of SdH oscillations are related 
to the carrier concentration and the effective mass, respec
tively. The SdH oscillations were measured up to 5 T in the 
temperature range of 3-70 K Figure 4 shows the SdH oscil
latory components of sample 1 extracted from the magneto
resistance as a function ofinverse magnetic field. The oscilla
tion of the magnetoresistance is periodic. The carrier 
concentration n for the n-type InAs layer was estimated to be 
1.5XlO17 cm-- 3 using n= [2elfilJ.(l/B)]3/2/3rr, where 
il( liB) is the period of the SdH oscillation. Figure 5 shows 
the temperature dependence of SdH oscillatory component 
amplitudes for sample 1 at 3,81 T. The effective mass m* was 
determined by fitting the experimental data to the theoreti
cal equation expressed by 

A.R(B) ex T Isinh(2rkBTm*leftB), (6) 

which is valid in the range ofsinusoidai oscillations. The best 
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FIG. 4, Shubnikov-de Haas (SdH) oscillatory components for a homoepi
taxial n-type InAs film as a function of inverse magnetic field at 3-70 K. 
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FIG. 5. Temperature dependence ofSdH oscillatory component amplitudes 
at 3.81 T. The solid lines represent the theoretical curves using 
m* = G.022mo, O.023mn, and O.024mo' respectively. 

fit value was given by m* = 0.023 mo, where rna i.s the free
electron mass. 

Figure 6 compares the carrier-concentration depen
dence of mobilities between several samples of epitaxial n
type InAs and bulk n-type InAs. The transport properties of 
the homoepitaxial n-type InAs were confinned to be neady 
the same as bulk n-type InAs, in contrast to the heteroepitax
ial n-type InAs. The low mobility of heteroepitaxial n-type 
InAs is possibly due to the lattice mismatch between GaAs 
and InAs. 

The coherence length can be estimated, based on these 
experimentally obtained values of n, p, and rn >10. The experi
mentally obtained temperature dependence of Ie can be 
qualitatively compared with the theory, 

E. Comparison between the theory and the experiment 

The mean free path 1 and the thermal diffusion length 
LT for the homoepitaxial n-type InAs channel layer were 
estimated to be 0.23 and 0.34 pm, respectively, using the 
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FIG. 6. Carrier concentration vs mobility plot for homoepitaxial notype 
In As films, compared with bulk and heteroepitaxial n-type InAs. The data 
for heteroepitaxial,Hype InAs are taken from Ref. 8. 
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FIG. i. Theoretical fitting of experimental data for Ie. Calculations are 
made for three cases of the proximity effect theory. 

values of 11 = 1.5X 1017 cm-3
, !J = 2.1 X 104 cm2/V S, 

rn* = 0.023 ma, and T = 4.2 K for sample 1. This estimation 
suggests that neither the dirty (l <.L T ) nor clean limit 
(('pL T ) ofthe proximity effect theory can be applied to the 
present n-type InAs-coupled superconducting junction. 

The temperature dependence of Ie was measured for the 
junction of sample 1. Figure 7 compares the experimental 
results with each of the three theoretical ones. For the abso
lute vaiue of Ie, the theoretical expression in Eq. (5) cannot 
provide a reasonable estimate because the boundary condi
tion of an S / N interface is crucial and is not determined 
completely. Here, to avoid the problem, Ie theoreticallyob
tained from Eq. (5) is normalized agai.nst the experimental
ly obtained one of 4.2 K. Of these three Ie - T characteris
tics, the intermediate case agrees with experimental results 
as expected. The coherence length S N was estimated to be 
0.16 pm at 2.0 K in the intermediate regime. In the homoepi
taxial n-type InAs-coupled junction, the mean-free path is 
comparable to the thermal diffusion length because of the 
high-electron mobility. Consequently, the dirty limit case no 
longer applies to this junction. 

m. CONCLUSION 

In a superconducting junction with a homoepitaxial n
type InAs thin film acting as the channel layer on a p-type 
substrate, the mobility of the film is nearly the same as that of 
bulk n-type InAs. Good isolation of the channel layer from 
the substrate was achieved by the built-in potential in the p-n 
junction. The h,RN product of the homoepitaxial n-type 
InAs junctions was at least 30 times as large as that of the 
bulk n-type InAs junctions due to the decrease in the leakage 
current. The effective mass determined by SdH oscillation is 
O.023rno for a carrier concentration of 1.5 X 1017 cm - 3. The 
good agreement between the experimental results and the 
theoretical ones shows that the present system can be consis
tently described by the intennediate regime using the prox
imity effect theory. 

Akazaki, Kawakami, and Nitta 6i24 

Downloaded 26 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



ACKNOWLEDGMENTS 

The authors would like to thank Professor Masaru Tsu
kada and Dr. Yukio Tanaka for their valuable discussions 
and comments. They also express their thanks to Dr. Hiroshi 
Okamoto, Dr. Tomoaki Yamada, and Azusa Matsuda for 
their continuous support; to Dr. Hideaki Takayanagi, and 
Koh Inoue for their kind advice, and to Takehisa Kawa
shima for his electron-beam lithography. 

'T. D. Clark, R. J. Prance, and A. D. C. Grassie, J. Appl. Phys. 51,2736 
(1980). 

2 A. H. Silver, A. B. Chase, M. McColl, and M. F. Millea, AlP Conference 
Proceedings 44: Future Trends in Superconductive Electronics (AlP, New 
Yark, 1978)' P 364. 

3R. C. Ruby and T. Van Duzer, IEEE Trans. Electron Devices ED-l8, 
1394 (1981), 

'T. Kawakami and H. Takayanagi, AppL Phys. Lett, 46, 92 ( 1985). 

6125 J. Appl. Phys., Vol. 66, No. 12, 15 December 1989 

SM. Takayanagi and T. Kawakami, Phys. Rev. Lett. 54, 2449 (1985). 
"T. Nishino, M Miyake, Y. Harada, and U. Kawabe, IEEE Electron De
vice Lett. EDI.-6, 297 (1985). 

'T. Nishino, E. Yamada, and U. Kawabe, Phys. Rev. B 33, 2042 (1986). 
gAo W. Kleinsasser, T. N. Jackson, O. D. Pettit, H. Schmid, J. M. Woodall, 
and D. P. Kern, Appl. Phys. Lett. 49,1741 (1986). 

9Z. Ivanov, T. Cleason, and T. Andersson, lpn. J. App\. Phys. 26, Supp!. 
26-3,1617 (1987). 

lOT. Kawakami, T. Akazaki, and K. Inoue, Extended Abstracts a/the 1987 
Intenzational Superconductivity Electronics Conference, ISEC '87 (JSAP, 
Tokyo, 1987), p. 174. 

IIp. G. de Genn~, Rev. Mod. Phys. 36, 225 (1964); Superconductivity of 
Metals and Alloys (Benjamin, New York, 1969). 

!2N, R. Werthamer, Phys. Rev. 132, 2440 (1963). 
13J. Seto and T. Van Duzer, in Low Temperature Physics Ll~13, edited by 

K. D. Timmerhous, W. J. O'Sullivan, and E. F. Hammel (Plenum, New 
York, 1974), Vol. 3, p. 328. 

"w, L. McMillan, Phys. Rev. 175, 537 (1968). 
"Y. Krahenbuhl and R. J. Watts-Tobin, J. Low Temp. Phys. 35, 569 

( 1979). 
,oT. Y. Hsiang and D. K. Finnemore, Phys. Rev. B 22,154 (l980). 
ny. Tanaka and M. Tsukada, Phys. Rev. B 37,5087 (1988). 
'"E. Yamaguchi, Phys. Rev. B 32,5280 (1985). 

Akazaki, Kawakami. and Nitta 6125 

Downloaded 26 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


