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Evidence for Supercurrent Quantization in Interfacial Josephson Junctions
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We observe a series of discontinuities in the above gap current-voltage characteristics of highly
transmissive NBSi superconductor-semiconductor interfaces. The bias at which each switch occurs
decreases in quantized steps as a function of temperature and magnetic field. The observed step size
is the same for both dependencies. We propose that the steps correspond to supercurrent quantization
through granular Josephson junctions formed near the interface. [S0031-9007(97)05103-X]

PACS numbers: 74.50.+r, 73.40.Gk, 74.60.Jg, 74.80.Fp

The conductance through a quantum point contact isingle crystal:™* Si layer which has been wafer bonded
a two-dimensional electron gas (2DEG) is quantized tdo 100 nm of SiQ on a p* Si substrate. 2.0 K Hall
2¢%/h times the number of transmitted one-dimensionaimeasurements of the Si layer indicate that the carrier
channels [1]. Analogous behavior is predicted for a smalbensity » = 5.3 X 10> m~* and the elastic scattering
area Josephson junction formed by a narrow constrictiotength I, = 10.8 nm. We create a highly transmissive
between two superconductors [2]. In this case, quantiinterface by first sputter etching the Si surface at 200 W
zation is in the critical current, and is given Aq/k
times the number of transmitted one-dimensional chan- (a) 25 x 25 um?2
nels, where), is the pairing potential of the supercon- . —
ductor. Recently, Takayanaei al. [3] fabricated the first v
working superconducting quantum point contacts, using 53 nm__
Nb contacts to a submicron width InAs 2DEG, modulated
by a split gate. They observed steps in both the critical
current and the normal conductance as a function of gate
bias. However, substantial fluctuations were observed in (b)
the step height, and the critical current was not quantized
at the theoretically predicted values. Mullet al. [4] Niobium
measured the conductance and critical current through a
break junction of Nb. They observed steps in the critical depletionI *
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current consistent with the theoretically predicted value. width

More recent experiments [5] imply, however, that such

steps might be caused by abrupt atomic rearrangements,

which change the normal resistance [6]. -+
This paper presents intriguing new evidence for Silicon

the quantization of the critical current in small area

Josephson junctions. We perform detailed measurements

of the interface resistance of N8i junctions. Below a (C)

transition temperature of 1.5 K, we observe a series of

switches in the above gap dc current-voltage characteris- 2R, R,

tics. As the temperature increases towards the transition, )

or as a magnetic field is applied, the switching bias >< ! ><

decreases in a series of quantized steps. The observed

step size is equal in both temperature and magnetic field "L 2 .

dependencies.. _We propose that the switches occur as W 1. (a) Schematic drawing of our MISi junctions. (b) A
exceed the critical supercurrent of Josephson junctiongpresentative region of the \ISi interface.” NbSi particles,
formed betweemMNb;Si particles and the Nb contact. By which form during Nb deposition, provide additional tunneling
varying the temperature or magnetic field we are able t@athways. At low enough temperatures the normal coherence

; ; :ength &, extends to create Josephson junctidgngndJ,. (c)
redut;g tge hjuncthn t?]rea,_tfantli obser;/e a correspondi ircuit model of the Nl Si interface. The NiSi Josephson
quantized change In the criucal current. junctionsJ,, have normal state resistanck$ and lie in series

~ Figure 1(a) shows a schematic drawing of our/Mb with the NhSi/Si interface resistanceg,. The in-parallel
junctions. A Nb contact is made to a 53 nm thick Schottky barrier resistance &
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for 10 min in an Ar pressure o X 1072 mbar. This 900 !
removes &5 um X 25 um square of the (100) Si top — 2Ay, — r

layer, and exposes clean (111) Si side surfaces. Without 12
breaking the vacuum we then deposit 180 nm of Nb, 1.6K
resulting in a total NBSi contact area of approximately 8oor
A. = 6 um?. We measure the critical temperature of
our Nb to be T, =9.0 K, indicating a high quality
film. Four-terminal measurements of the /8 junction
resistance are made via Ag contacts to the Si, and Au
contacts to the Nb. The effects we describe below have 0.9
been observed in four different devices, each fabricated 4 k28
using the same method. 600l ol . _ °

In the inset in Fig. 2, the differential resistane®’ /dI) ' 1.0 00 1.0
of a typical junction is plotted as a function of applied bias. Bias (mV)
Measurements at three temperatures (1.6, 1.2, and 0.35 K)
are shown, normalized with respect to the resistance at
high bias. In each trace, there is a broad dipdin/dI
corresponding to the Nb gap enerf¥, = *=1.6 meV).
Further measurements (not shown) demonstrate that the 04 06 08 10 12 14 16
dip survives up to the Nb transition temperature. This T(K)

dV/dl feature has been reported by a number of 9roupg . 2. Zzero-bias differential resistance of a highly transmis-

[7,8] and can be attributed to Andreev reflection at thesive Nb/ Si junction versus temperature. A resistance drop oc-
Nb/Siinterface [9,10]. Inthe 0.35 K trace we also observecurs at 1.5 K, the NiSi transition temperature. Inset: The

a strong subgap resistance dip. (This first appears &ormalized differential resistance versus bias at 1.6, 1.2, and
temperatures below 1.1 K.) A similar feature was reported-3> K. The 1.2 and 1.6 K traces are offset by 0.1 and 0.2,
by Heslingaet al. [7] and attributed to the appearance of respectively. The gap widths for Nb and {8 are indicated.
a “proximity induced gap,” in the Si layer. More simply,
the RSJ (resistively shunted junction) model predicts that aurrent rises above the 1.6 K value, as expected from the
subgap dip can be observed if a Josephson junction formesults of Fig. 2. As the applied bias increases, the mea-
in parallel with the interface resistance [11]. sured current and voltage switch discontinuously due to a
In our case, a possible explanation for the subgapudden increase in the interface resistance. A total of six
resistance dip is suggested by the temperature dependersitches is observed with increasing bias, until the above
of dV/dl at zero bias (not normalized), plotted in the and below transitiorf-V characteristics are almost iden-
main part of Fig. 2. The differential resistance decreasetical. In Fig. 3(a), we also plot the 0.35 K characteristic
sharply at a temperatu® = 1.5 K, from 890 to 480().  measured with a transverse magnetic fieldBof 1.0 T
This drop, which strongly resembles a superconductingdashed line). Thd&-V is almost identical to the above
transition, occurs at the reported transition temperaturéansition trace measured at 0 T—only a small excess cur-
of Nb;3Si [12]. If we assume that the ratio between rentis observed at low bias. We note that these results are
the transition temperaturg, and the gap energ¥np,si  completely reproducible, and that nonreproducible noise
equals that for Nb, them\np,si = 0.25 meV. This is due to heating is not observed until the curre00 uA.
similar to the observed resistance dip width-dd.28 mV In Fig. 3(b), we plot a series of 26V characteristics
at T = 0.35 K. These results imply that the subgapfor temperatures between 1.6 and 0.35 K. The lowest
feature is due to Andreev reflection from Mg particles lying trace corresponds td = 1.6 K. The traces
that form near the interface during fabrication. §8b above this correspond to the temperatures, 1.50, ...,
has a high eutectic temperature (645, but it has been 0.35 K and are offset by0.25,0.50,...,6.25 wA, re-
shown that Nb diffuses nonuniformly into Si at our spectively. Plotted in this way, the resistance switches
maximum process temperature of 3@ (immediately reveal a remarkable temperature dependence. As the
following the sputter etch), and forms small intermixedtemperature increases from 0.35 K, the bias at which
regions [13]. We also measured junctions made withoueach switch occurs decreases discontinuously, in a series
the sputter etch, and these showed no subgap dip af steps. For any particular switch, the step width is
resistance transition. approximately constant. If we consider the three most
Figure 3(a) gives results of a four-terminal dc measureelearly defined switches (marke$, S,, and S3), the
ment of the N Si interface (see inset) at 1.6 and 0.35 K,average width of the first four steps gV, = 1.60,
corresponding to temperatures above and below the tranV, = 1.82, and dV; = 2.04 mV, with a maximum
sition temperaturel;. At T = 1.6 K, thel-V curve has variation (per switch) of 3%. The steps can be seen more
a weak Schottky barrier dependence. 7At 0.35 K, the  clearly if the switching bias/, is plotted as a function
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FIG. 4. The normalized switching bias as a function of (a)
~ 30 reduced temperature and (b) magnetic field for a typical
fz; o5 resistance switch.
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© 15 el Sowne % this device, and each showed a similar temperature

10 S dependence, althougtV is different for each switch.
| S We also studied the influence of magnetic field on the
02 04 06 08 10 switching bias. Figure 4(b) shows the normalized switch-

ing bias for the switch shown in Fig. 4(a) as a function of
magnetic field perpendicular to the current path. These
points were compiled from a set of 130V measure-
FIG. 3. (a) Four-terminal measurement of the dc current andnents taken at magnetic fields equally spaced between 0
voltage across the NtSi interface af” = 0.35and7 = 1.6 K. and 0.33 T(T = 0.37 K). The data clearly show that the
Each trace shows measurements made at 1000 equally spacgitching bias is also quantized as a function of magnetic

values of the applied bidg, (see inset). The dashed line shows Aafi P
the characteristics foB — 1.0 T and T = 035 K. (b) dc field. We observe 12 well-defined steps each containing

current and voltage characteristics plotted for 26 equally space@iX OF moreB-field points. The bias is again normalized
temperatures between 0.35 and 1.6 K. The traces are offset ft#singdV = 0.42 mV. For B > 0.25 T, the steps disap-

clarity. Inset: The normalized switching bias as a function ofpear, and the switching bias decreases continuously with
reduced temperature for the three switches indicated. magnetic field. Most remarkably, a comparison between

Figs. 4(a) and 4(b) shows that the quantized step size is

equal to the same value in th® dependence as in the

T dependence. The backgrouidand B dependencies,
of temperature. This is shown in the inset in Fig. 3(b),however, are clearly different. Similar results were ob-
where V,, is plotted for the three switche$;, S>, and served in all five switches of this device.
S5 as a function of the reduced temperatGtér;. The To understand these results, we consider the/ 8ib
biases are normalized by the average step widils, interface in more detail [see Fig. 1(b)]. Current flows
In each case, three or more equally spaced steps aaeross the interface by electron tunneling through the Si
observed. As the temperature approacheshe switches depletion region. Because of the high doping density, the
merge together. average interdopant spacig~'/> = 2.7 nm) is compa-

Further measurements provide more convincingable to the depletion width (3.7 nm) [14]. In this case,

evidence for the quantization of the switching bias.the depletion width varies substantially across the contact
Figure 4(a) shows the normalized switching bias as and significant transmission occurs only at the most trans-
function of temperature taken from observations of theparent sections of the interface [15]. We calculate the ap-
lowest bias switch in a second device. These points arproximate area of the transparent regions as follows. The
compiled from a set of 94-V measurements [similar average transmission coefficient per quantum channel is
to those shown in Fig. 3(b)] taken at equally spacedyiven bys,, = Rs/R;, whereRy is the Sharvin resistance
temperatures between 1.30 and 0.37 K. A total of 12andR; is the measured junction resistance. From Fig. 2,
well-defined steps is observed, each containing at leadt; at 1.6 K = 890 (), andRg for our contact i20 m{}
three bias points. The average step widt¥,is 0.42 mV. so thatt,, = 2.3 X 107°. On the other hand, a fit of
We point out that four other switches were observed irthe normalizeddV /dI dip at 1.6 K gives a transmission

15 20 25 30 35
Vi, (MV)
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coefficient for the transparent regions af = 0.84 [10].  dependence is expected. A detailed understanding would
The maximum area of the transparent regions is then apequire a rigorous analysis df.(T, B) in the crossover
proximately A7 = A. X (tuy/t4) = 164 nm?, where A, between macroscopic and nanoscale junctions.

is the total contact area. Below the transition,7at= In conclusion, we observe evidence that the maximum
1.2 K, the resistance drops #®; = 480 (1, but the size supercurrent through Josephson junction pathways formed
of the normalized dip inlV /dI remains roughly the same near a N Si interface is quantized, in agreement with
(see inset, Fig. 2). This means that stays constant, theoretical predictions. This could provide a new and
while the transmissive area increases to approximatelgtraightforward way to study supercurrent transport in
164 nm? X (890 /480 Q) = 304 nn?. nanometer-scale Josephson junctions.

The switches observed in Fig. 3 progressively transform The authors thank F. Hekking, T. Klapwijk, M. de Jong,
theT < T, resistance (0.35 K) into thE > T resistance and D. Williams for valuable discussions and S. New-
(1.6 K) with increasing bias. Each switch is thus a par-comb for providing TEM analysis.
tial breakdown of the transmissive area added;at Al-
though, Joule heating could perhaps raise the temperature
locally abover'; [16], this does not explain the quantization
in the temperature dependence seen in Fig. 4. Phase-slip
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