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Finite Bias Anomaly in the Subgap Conductance of Superconductor-GaAs Junctions

W. Poirier! D. Mailly,?> and M. Sanquér
!CEA-DSM-DRECAM-SPEC, C.E. Saclay, 91191 Gif sur Yvette Cedex, France
2CNRS-LMM, 196 Avenue H. Ravera, 92220 Bagneux, France

(Received 26 April 1996; revised manuscript received 21 April 1997

We measure the subgap conductance across a superconductor-GaAs junction at low temperature.
Below T = 4 K we observe a zero bias conductance peak. For the first time, we observe that at even
lower temperatures’( = 0.8 K), the conductance peak is shifted to a finite voltage. Application of a
magnetic field restores a zero bias conductance peak. This is consistent with theoretical predictions for
superconducting-semiconducting junctions in the regime where the contact conductance is larger than
the coherent semiconductor conductance. [S0031-9007(97)03966-5]

PACS numbers: 73.23.—b, 74.50.+r, 74.80.Fp

Mesoscopic aspects of the Andreev reflection hav@he first one is understood in the framework of models
been discovered recently, after the pioneering work of7-10], which suppose that the semiconductor is indeed
Kastalsky et al.[1]. In superconductor-semiconductor very disordered near the (relatively transparent) supercon-
(S-Sm) junctions, where the normal transparency per chartucting interface, i.ezys = ty. Inthat case the crossover
nelzys of the interface is small, the coherent backscatteringo a high temperature ZBA is due to finite temperature
of carriers to the junction due to disorder in the normalsmearing of the Fermi distribution and possibly to increas-
part induces the so-called “reflectionless tunneling” [2];ing dephasing processes. The FBA appears at energies or
the constructive interference between an electron and aroltages comparable to the Thouless energy of the normal
Andreev reflected hole, diffusing on time-conjugated tra-part [11].
jectories, which return many times at the interface, gives A second explanation is based on the assumption that
rise to a high zero bias subgap conductance [zero-biadSBA anomalies could be due to anomalies GfV)
anomaly (ZBA)]. This ZBA is now well explained and characteristics of some superconductive shunts or weak
have been observed in few superconductor-semiconducttinks in series with the junction. The annealing procedure
junctions [1,3-5]. In these junctions, a smalk results could introduce weakly coupled superconducting islands
either from the presence of a Schottky barrier at interor inhomogeneities near the interface. Few FBA appears
face, or from the mismatch between Fermi velocitiesin the literature for various S-Sm junctions including
S-Sm contacts are very different from superconductor-S-Sm-S geometries [5,12]. These anomalies appear often
insulator—normal-metalSt/-N) contact where the insu- as fine, nonsymmetric structures at large bias, but also
lating tunnel barrier is an oxide. The transparency ofat small bias [13]. Increasing temperature or magnetic
oxide barriers are always very small as compared to th&eld tends to shrink such FBA to zero bias as the critical
transparency of Schottky barriers. The main disadvantageupercurrent in the weak links decreases, which mimics
in S-Sm contacts comes from a poorly controlled technolaspects of the reflectionless tunneling. Here we develop
ogy, and unavoidable disorder near the interface, producddterpretation in terms of the mesoscopic proximity effect.
by annealing or surface cleaning processes. This disorder The samples are based on a 200 nm thick molecular-
can have two major implications. First, the normalbeam epitaxy (MBE) grown GaAs:Si layer dopedsak
resistance near the S-Sm interface is large (low mobilityl0?> m™3. After defining a mesa by chemical etching,
and low density of carriers in Sm). This explains why theAuGeNi contacts are deposited and annealed at°@50
reflectionless tunneling is mainly seen in S-Sm junctionsThe layout is shown in Fig. 1. The structures are made
because it supposes strong backscattering to the interfabg electron beam lithography and lift-off processes. A
(tvs = ty, the normal coherent region transparency perl00 nm thick superconducting Sn-Pb alld¥, (= 6 K),
channel). Second, it implies departure from the ideatovered with a 50 nm thick Cu layer, is deposited and
S-I-N interface, by weakening of the superconductivity moderately annealed (33Q) in order to reduce the
near the interface, by increasing pair-breaking processeSchottky barrier. However, the Schottky barrier is not
or by producing structural inhomogeneities. For instancecompletely removed and we observe a characteristic
the Blonder-Tinkham-Klapwijk (BTK) theory [6] does asymetry in thel-V curve, related to the nonsymmetric
not describe thd-V characteristics, except if very large profile of the barrier (see inset of Fig. 1). The surface of
pair-breaking rates are supposed. the Schottky contact i85 wm? with an overlap distance

Here we report a crossover from a ZBA to a finite L = 1 um. In a third step, an Au gate is deposited at
bias anomaly (FBA) by decreasing the temperature in 8.5 um from interface. The sample can be visualized
S-Sm junction. The low temperature FBA could haveby an S-Sm junction where the junction is an annealed
two explanations, depending on the effect of the disordemplanar Schottky barrier and the resistance of the Sm part
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(loffe-Regel criterion), the alloyed semiconductor is close
221 to the metal-insulator transition. The square resistance in
the semiconductor under the SnPb fiRg,,,. is much
larger than for the initial layer. Thisis confirmed in a sepa-
20_' GwV(V) rate conductance measurement, where a large square of the
Yy - T rTmsm GaAs film covered witté nm width alloy strips separated
@ 4 x’k K ——T-15K by 6 uwm is increased up to 20% by annealing at 460
E U, . —0—T=29K . . .
£ s —o—T=t2K (the increase under the annealed strips is of course much
O el Tk larger, but difficult to evaluate precisely). Knowing that
e a cube of sizeL, has a conductance &f at the metal-
17 - , T insulator transition, we estimate th&f, .. = = X 3,
| = " Ll L ae whereL, is the phase-breaking length afid the thick-
16 - T el ness of the layer. Near the metal-insulator transitiog,
— T T T T is of the order of 130 nm in GaAs:Si [15], such that
71500 1000 800 0500 1000 1800 px =~ 17 k) for W = 200 nm, and the Thouless en-

square

ergyislargeEc = i—? = kg X 0.8 K. Note that near the

) . . [4 . . . .
FIG. 1. G = g versusV for various temperatures between transition large sample-to-sample dispersion in resistances
T =74 KandT = 905 mK. The data have been corrected by g attempted.

the estimated resistance in serié8 (). Note the appearance . . .
of the “reflectionless tunneling” zgr)o bias condu?:ltjance peak Figure 1 SQOWS the dn"ferentlal conductance of the
when T decreases. InseG(V) at 7 = 7 K in an enlarged SampleG = 3y versusV for various temperatures above
scale. The polarity is arbitrary. Note the rectifying behavior7T = 0.9 K. G shows a dip belowV = 1.7 meV, at
of the Schottky junction. Lower inset: Cross section oftemperatures lower than the superconducting transition of
the sample. the Cy/'Sn-Pb alloy (around 6 K). This dip becomes more
é)ronounced as the temperature decreases, as expected
gualitatively by the BTK formula [6].

Below 4.2 K, G exhibits a maximum forV = 0, as
Slso observed in Ref. [1]. This is not seen in higher
resistive samples. We note that the conductance peak is
. . well developed, such that the zero bias conductance is less
AuGeNi contact ag um from the S-Sm "?teffa_ce- Th_us but comparable to the normal conductance at large bias.
the voltage drop IS over thg supercc_)nduc_tmg W'r.e'theju.nCThis indicates that the normal coherent conductance at
tion, and the semiconducting layer in series, which consists: _ 1 g is comparable to the normal conductance of the

O]ICI 5hsquares In dparallel andhhas a rg&stangé(r)]qﬂ. In " iunction [16]. We observe that the reflectionless tunneling
all the presented curves we have subtracted this resistancg. 7 — | ' is suppressed only for magnetic fields of

Measured values for the specific normal resistance of out, .t 150 mT. which corresponds to a magnetic length
junction (interface resistande series withthe annealed ¢ 150 nm (seé—:‘ inset of Fig. 3). This is consistent with

. . 75
Sm Iayzer resistance) is roughlyp)™ Q.cn? (40 Q fora o, estimation folL,. Thus, results abov@9 K confirm
25 pm- contact surface). Thisis typical for alloyed metal- o, astimation of a large Thouless energy combined with

: - 23 o3
lic contacts on GaAs doped at this level X 10~ m™) 5 high coherent resistance (smafi€¢). Moreover, this

[14]. Nevertheless, some samples show much higher sp&jayes the appearance of a finite bias anomaly at moderate

cific resistance. L _ , voltages and temperatures possible.

The parametersgof our |1n|t|al GaAs:Si layer are listed be- g new observation is the shift to finite voltage of the
low: D =5 X 10" m"s™", the elastic mean free path is nqctance peak shown in Fig. 2, when the temperature
€ =35 nm, kp{ = 8.5, and the sheet resistance2i® () 4o reases further (a superimposed conductance anomaly
at T =4 K. The phase coherent length is determined,nhears also due to weak links in the superconducting
by & §<le/|garate weak localization experimebi(um) = fims[13]). We note that the FBA and the ZBA have the
0.947~ /= for T > 0.9 K and saturates at2 um below  game width. Figure 3 shows how the conductance dip at
0.8 K. The thermal lengtiL; = %,i:l; reachesl.l um  small bias is progressively filled up when magnetic field
at7T = 0.03 K. It is known that the annealing produces is applied; the ZBA is recovered fad = 280 mT. On
alloying and diffusion of tin inside the GaAs below the Fig. 4, one sees that zero bias conductance is maximum
SnPb layer. This reduces the Schottky barrier, but alsat Thax = 800 mK, and decreases at lower temperature.
increases the disorder in the semiconductor. It has bedvWloreover, at the lowest temperature, the conductance is
shown that the normal side of the thin Schottky barrier inmaximum at a bias given k¥ = 1.5kpTnax. The factor
tin alloy contacts on GaAs consists of a degenerate antl.5 could be due to the underestimation of the substracted
heavily compensated GaAs [14]. As a reskif is re- incoherentresistance (60 Ohms) in series with the coherent
duced from its initial value of 8.5. Becaudgef{ = =« S-N junction.

V(uV)

is modulated by the gate. Here, we consider only th
situation at zero gate voltage.

The sample is measured using an ac lock-in techniqu
(ac measuring currents 50 nA). The voltage is probed
between a gold contact sputtered on Spi®llayer and a
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the normal part [8]. This situation has been considered
n ﬂ._ in S-I-N (I being either a clean tuned barrier or a disor-
H e dered insulator) [8—10] or i§-I-N'-I-N systems §’ be-

ing ballistic or diffusive) [7,17]. For instance, a FBA at
few times the Thouless energy has been derived in quasi-
one-dimensionab-I-N junction by Yip [9]. He obtains
that the subgap conductance exhibits a finite bias peak in-
stead of a zero bias peak when the normal conductance
of the barrierGy is larger than the normal conductance of
the coherent disordered wi@,;... More precisely, this
finite voltage Vimax iS given by eViyax = Gus X Ec [9]

for Gp larger (but not too much) thalti}ere E. =

i]i_z is the Thouless energy of the wire of lendth Our sys-

21 4

20

G (arb. units )

G (mS)

—M®—T=400 m
—0—T=500 m

—O—T= 290mkK;
—e—T=660mK
T=750mK
——T=905mK

200 '-160 "o ' 150 " 200 200 -100 0 ' 100 200 T AN .
V(V) V() tem exhibits strong similarities with the results of Ref. [9].
As suggested above, we estimat€. = 70 weV and

FIG.2. (a) G versus V for various temperatures below L, = 130 nm. The conductance maximum takes place at

905 mK. G is no more sensitive to temperature bel@n= ; . .
200 mK. Note the shift from a zero bias anomaly to a finite bias comparable to this Thouless energy (see Fig. 2).

bias anomaly by decreasin§. The width of the peak is From the scattering matrix approach, Marmoletsal.
basically not affected by the temperature. The anomaly at  [10] observe numerically the shift from a zero bias con-

100 1V is explained in the text [13]. (bl versusV at various  ductance peak in quasi-one-dimensiofial-N junctions
temperatures for the two barriers model considered in the texj;ih 5 resistive interface, to a finite bias conductance peak
(t.s = 04, t, = 0.1, distance between barriers 0.15 um).
The temperature is introduced only by thermal smearing of thét few t!mes the Thouless energy for an Idegl interface.
Fermi distribution L, infinite). In [18], it is suggested that the FBA can be viewed as a
manifestation of the smeared Andreev levels, closest to
the Fermi surface. To get more insight in this, we have
performed numerical simulations for the simplest case of a
QOubIe barrier system in the one channel case. The starting
point is the scattering matrix approach, with explicit intro-
duction of the energy dependence for transmission and re-
flectlon coefficients [10]. A first barrier of transparency
dins = 0.4 is located at theS-N interface and a second
barrier of transparencyy = 0.1 is placed at a distance
I% = 0.15 um from the interface in the normal (ballistic)
part. ty = 0.1 = f , taking into account our estimation
of L, and the loffe-Regel criterion.

Let us discuss now the origin of the crossover be-
tween a low temperature FBA to a high temperature ZBA!
First, a zero temperature FBA is predicted in various case
either by Green’s function [7—9], or by scattering matrix
approaches [10]. The main ingredient is a smaller conduc
tance for the normal part of the junction than for eV
interface itself. The FBA is shown to be closely relate
to a dip in the density-of-states around the Fermi level,
whose extension is comparable to the Thouless energy
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FIG.3. G versusV at T = 30 mK for various magnetic T(K)

fields. Increasing the magnetic field is similar to increasing

the temperature: the zero bias conductance peak is restored RiG. 4. G(V = 0) as a function of temperature an@(V)
intermediate magnetic fields. Inse% versusV for various at 7 = 30 mK. The conductance is maximum at finite tem-
magnetic fields af” = 1.26 K. The curves have been shifted perature and finite bias; to adjust the maxima, the bias has been
for clarity. divided by a factor of 1.5.
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The chosen values afys and 7y give a low specific field. The typical bias is comparable to the Thouless
contact resistanc®&, = 107° Q cn? (depending orkz)  energy of the highly disordered semiconductor [21].
and a high resistance per square for the semiconductor We aknowledge B. Etienne for providing the MBE
under SnPb film. These values give [19] a total normalGaAs:Si layers and R. Tourbot for his technical support.
resistance of the junctioR, of few ten’s of() in good We have benefitted from many discussions with A.
agreement with experiment. Volkov and G. Lesovik.

Without any averaging ovek, very sharp resonances
exist at finite bias, which are unambiguously due to
Andreev levels [fortys = 1 the positions of the reso-
nances are given by, = i5~(i + 1/2)and are justthe  [1] A. Kastalskyet al.,Phys. Rev. Lett67, 3026 (1991).
Rowell-McMillan oscillations [20]]. Then we randomize [2] B.J. Van Wees=t al., Phys. Rev. Lett69, 511 (1992).

the phases by averaging the conductance OM&r um — E’d ﬁ- ‘:'M(.:lekkergt i'-ylphg’hs- R‘a’- 54% 334257952 ((11%%‘2))-
Ar A : L .H.C. Magnéest al., Phys. Rev. B50, .
¢ =L =015um+ 5 (the Fermi velocity is taken [5] J. Kutchinskyet al., Phys. Rev. Lett78, 931 (1997).

to vp = 1.5 X 10° ms™!). The results are plotted on , "
. . . 6] G.E. Blonder, M. Tinkham, and T.M. Kl k, Phys.
Fig. 2(b). We obtain an FBA as the first smeared Andreev[ ] Rev. BZ%r,]4esr15 (1952)' am, an apwi ys

resonance. Its position in l})iias is approximately given by (7 A F. volkov, A.V. Zaitsev, and T.M. Klapwijk, Physica
the mean inverse dwell ime{s™ = 66 wV) for carriers (Amsterdam) €210, 21 (1993).

in this double barrier system [17], which is the analog of [8] A.F. Volkov, Physica (Amsterdam) B03, 267 (1994).

the Thouless energy in a disorder§dV system. With  [9] S. Yip, Phys. Rev. B52, 15504 (1995).

this oversimplified model we recover qualitative conclu-[10] I.K. Marmokos, C.W.J. Beenakker, and R.A. Jalabert,

sions, obtained for diffusive systems by more elaborate _ Phys. Rev. B8, 2811 (1993).
theories. [11] P. Charlatet al., Czech. J. Physi6, 2321 (1996).

Now the question is to understand how finite temperallz] J.R. Gacet al., Surf. Sci.305 470 (1994); H. Takayanag,

ture or magnetic field effects restore a ZBA. In scatteri_ng Ethgﬁ!(:;hég?as t(irii@rd?rﬁ?B%)?ZS&??Bé 4|;|_' Kroemer
matrlces approaches,_ te:mpera'ture is mtrodu'ced by theln'tPB] In our geometry, sharp structures in t@V curve at
gration over the Fermi distribution. As seen in our numeri-" ~ finite bias are due to the superconducting-normal transition
cal simulation, this produces a broadening and a smearing  driven by current in weak links in series with the junction.
out of the conductance peak, as the temperature exceeds An example is visible in Fig. 2: AY = 100 wV, the
eVmax/kg. In Green's function approaches, on the other conductance decreases abruptly. That characterizes the
hand, dephasing effects are introduced as phenomenologi- transition to a resistive state for a component in series
cal pair-breaking rates, for instance, a spin scattering rate  With the junction. Above this critical bias, the whole

y in Ref. [9] or an inelastic time. Qualitatively, the FBA conductance is translated by a smalllneggtlvg value, much
is turned to a ZBA when the pair-breaking rate exceed smaller than the conductance of the junction itself.

. e T14] W.D. Edwards, W. A. Hartman, and A.B. Torrens, Solid
the characteristic energy of the FBA. Magnetic field and State Electronica5, 387 (1972): M. McColl. M. F. Millea,

f[emperature are pair breakers,'which explains why a ZBA and C. A. Mead, Solid State Electronitd, 677 (1971).
is restored when the magnetic length becomes CompTIS] F. Ladieu, D. Mailly, and M. Sanquer, J. Phys. | (Paris)

rable to L, or when temperature excee@d/ma/kg. 3, 2321 (1993).
Again, the crossover from a FBA to a ZBA is accompa-[16] F.W. Hekking and Y. Nazarov, Phys. Rev. 49, 6847
nied by a broadening of the conductance peak in bias. (1994); H. Pothieret al., Physica (Amsterdam) B03

Nevertheless, in our experimental data, the ZBA at 226 (1994).
high temperature is not substantially broadened in biafl7] J.A. Melsen and C.W.J. Beenakker, Physica (Amster-
as compared to the FBA at lower temperature. Also,  dam) B203 219 (1994).
a magnetic field does not broaden the finite bias pea[<18] G.B. Lesovik, A.L. Fauchere, and G. Blatter, Phys. Rev.

but rather shrinks it into a ZBA. We have no clear 19 355' 3146 (tlgt?”n?)t.' h f both gt _
explanation, but we know from simulation that a smal|[19] One can note that in the case of both a good transmission

. . at superconducting-normal interface and a highly resistive
increase ofy toty = tys = 0.4 gives a ZBA of whatever P J gny

is th hiahlv disordered . d normal part, the distinction between planar and quasi-1D
Is the temperature. In highly disordered semiconductors, geometry is not essential (without interference effect). By

the conductivity increases significantly with temperature  simple resistance network calculations, one obtains that

(belowT = 4 K). the extension of the current lines under overlap is given
In conclusion, we suggest that in our annealed junction, by £ =~ 1’;_; The total normal resistance of our junction

the resistance at the residual Schottky interfacial barrier  (planar NS interfacet Sm under the junction) is given

is smaller at very low temperature than the resistance _ A/ RoRsquure

of the alloyed semiconductor below the junction. Ourpyq; ?yl\f “Rowell &m V(\j?lr__EMir,\nﬂﬁ:fr:’tr;i‘;,;heR%\\/frTgﬁa

experiment shows for the first time that the zero bias 453 (1966).

anomaly caused by reflectionless tunneling is shifted tq21] I.L. Aleiner, P. Clarke, and L.I. Glazman, Phys. Rev. B

a finite bias at very low temperature and in zero magnetic 53, R7630 (1996).
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