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We demonstrate experimentally that disorder enhanced Andreev current in a tunnel junction

between a normal metal and a superconductor provides a method to measure electronic

temperature, specifically at temperatures below 200 mK when aluminum is used. This Andreev

thermometer has some advantages over conventional quasiparticle thermometers: For instance, it

does not conduct heat and its reading does not saturate until at lower temperatures. Another merit

is that the responsivity is constant over a wide temperature range. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919892]

Thermometers are a cornerstone in experimental physics

from the premises of the thermodynamics to the latest obser-

vations of the universe involving bolometers.1 Yet, in experi-

ments in the millikelvin range and for objects of nanometer

scales, it is hard to measure the actual temperature.2 Indeed,

in mesoscopic transport measurement, local temperature var-

iations can exist, self-heating needs to be avoided and the

electronic temperature might deviate from the bath tempera-

ture. This leads to a need of special kinds of thermometers

taking such constraints into consideration.

Tunnel junctions have been used in this context for a long

time,3 both with DC and more recently with fast readout,4,5

but they suffer from various limitations. Operated at finite

bias they heat (or cool) the circuit in which they are embedded

in (see Ref. 6). In addition, their responsivity tends to saturate

at low temperature due to particular tunneling processes such

as environment assisted tunneling7 or Andreev reflections.8

We are proposing to use the disorder enhanced Andreev

current as a temperature probe. When a single electron

attempts to leave the normal metal (N) trough a tunnel bar-

rier (I), it is usually reflected if no states are available in the

superconductor (S), i.e., if eV < D. Due to elastic scattering,

this reflected electron may bounce around and finally make

one or several attempts to tunnel. If the coherence time is

long enough, all these attempts sum up coherently, and the

rare case of being reflected as a hole (emitting a Cooper pair

in S), becomes probable. This leads to a finite current, even

for eV < D. Measuring this current should give us a direct

measure of the electronic temperature in the normal metal.

The response is expected to be a linear function of tempera-

ture, which is an advantage, but the main reward is its opera-

tion point near zero bias. Therefore, such thermometer does

not produce much self-heating, so one can easily think to use

it in measurements where even tiny back-action from the

thermometer to the system is detrimental. To demonstrate

the principle of a thermometer based on Andreev current, we

fabricated a sample device using electron beam lithography

and shadow angle deposition. The junctions are formed by

in-situ oxidation of the HS¼ 20 nm thick aluminum leads,

before evaporating the island in the same chamber. The

island is based on a titanium gold bilayer so that the full

island behaves as a normal metal. An aluminum/titanium

buffer layers have been employed to ensure good contact

between the different films. The island is finally Al(3 nm)/

Ti(2 nm)/Au(10 nm)/Ti(20 nm). The resulting multilayer

island is expected to play a role in enhancing the interference

in the normal side of the junction, but a systematic study

would be required to make definite statements. In the follow-

ing, we will treat the island as a single composite metal with

a rectangular shape of length L ¼ 2:73 lm, width

W ¼ 0:4 lm, and thickness H ¼ 35 nm. The design maxi-

mizes the overlap area A of the junction, leading to A ¼
0:5 lm2 for a volume of V ¼ 0:038 lm3. Figure 1(c) depicts

the measured sample. This large area combined to the light

oxidation (0.46 mbar of O2 during 1 min 15 s) results in two

FIG. 1. (a) I-V characteristics measured in 4-probe configuration. The sam-

ple is thermally anchored to the mixing chamber of a dilution refrigerator.

The bath temperature Tbath ¼ 60 mK is measured using a calibrated ruthe-

nium oxide thermometer. The inset (b) shows a close up near zero bias,

where the step due to the Andreev current is clearly visible. The dashed line

is a fit using IA
N ¼ 37:5 pA and Te � 80 mK. The top inset (c) is a Scanning

Electron Micrograph (SEM) of the sample.a)Electronic mail: timothe.faivre@aalto.fi

0003-6951/2015/106(18)/182602/4/$30.00 VC 2015 AIP Publishing LLC106, 182602-1
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series junctions, which we expect to have nearly equal nor-

mal state resistance RN ¼ 755 X. Under this assumption, the

applied voltage is split equally between the junctions and

ISINISðVÞ ¼ INISðV=2Þ.
The current I through one junction is expressed as

I Vð Þ ¼ 1

2e

ð
d� g �ð Þ f �� eVð Þ � f �þ eVð Þ

� �
; (1)

where we assume quasi-equilibrium on both sides of the

junction, neglect charge imbalance on the superconducting

side, and choose the distribution function in the normal

island to be the equilibrium Fermi-Dirac one

f ðEÞ ¼ 1=ðeE=k BT þ 1Þ. The energy dependent conductance

gð�Þ has the form (see, e.g., Ref. 9)

g �ð Þ ¼ gBTK �ð Þ þ h D� j�jð ÞD2

D2 � �2

NN 2�ð Þ
2e2�NR2

N

þ D2

D2 � �2

NS 2W �ð Þ½ �
2e2�SR2

N

; (2)

where �N and �S are the densities of states in the normal and

superconducting leads, respectively, Wð�Þ ¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 � �2

p
for

j�j < D; Wð�Þ ¼ sgnð�Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � D2

p
for j�j > D, and gBTKð�Þ is

the conductance of a junction connecting two bulk leads

derived by Blonder, Tinkham, and Klapwijk (BTK)10

gBTK �ð Þ ¼ e2

p�h

X
n

2T2
nh D� j�jð ÞD2

T2
n�

2 þ 2� Tnð Þ2 D2 � �2ð Þ

"

þ 2Tnh j�j � Dð Þj�j
Tnj�j þ 2� Tnð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � D2

p
#
: (3)

Tn are the set of transmission probabilities of the conducting

channels. They relate to the junction normal state resistance

RN by the Landauer formula 1=RN ¼ ðe2=p�hÞ
P

nTn.

The disorder enhanced Andreev reflections are produc-

ing two corrections to the conductance / NN;SðxÞ appearing

in Eq. (2). The functions NN;SðxÞ are expressed as double

integrals of the Cooperons Cr;r0

N;SðxÞ over the junction area A

NN;S xð Þ ¼ 1

A2

ð
d2r

ð
d2r0Re Cr;r0

N;S xð Þ
h i

(4)

and the Cooperons themselves are the solutions of the diffu-

sion equation

ð�ixþ 1=sN;S
u � DN;Sr2Þ Cr;r0

N;SðxÞ ¼ dðr � r0Þ: (5)

Here, sN;S
u are the dephasing times in normal and supercon-

ducting leads, respectively, and DN;S are the corresponding

diffusion constants.

Taking a typical value of dephasing time, sN
u � 1 ns,

and estimating the diffusion constant, D ’ vFl=3 � 2 cm2/s

(here, vF ’ 0:32� 106 m/s is Fermi velocity in titanium and

l � 3 nm as in Ref. 11), we estimate the effective Thouless

energy of the device to be

ETh �
�h

sN
u
þ �hD

L2
� 1 leV: (6)

This value is small as compared to typical bias voltages and tem-

peratures, which allows us to simplify the expression for the cur-

rent (1). Namely, since the function NNð2�Þ quickly decays for

energies j�j > ETh, while NSð2Wð�ÞÞ varies slowly at energies

j�j < D, we can make the approximations (see Ref. 12)

NN 2�ð Þ � 6p
V d �ð Þ;

NS 2W �ð Þð Þ � 4

AHS

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 � �2

p ; (7)

where HS is the thickness of the superconducting film.

Substituting this result in Eq. (1) for eV�D, we arrive at the

result13,14

IðVÞ ¼ IqpðVÞ þ INðVÞ þ ISðVÞ; (8)

where

Iqp Vð Þ ¼ 1

2e

ð
d�gBTK �ð Þ f �� eVð Þ � f �þ eVð Þ

� �
;

IN Vð Þ ¼ IA
N tanh

eV

2k BT
; IS Vð Þ ¼ IA

S

eVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 � e2V2

p : (9)

The current amplitudes IA
N;S read

IA
N ¼

3p
2

�h

e3�NVR2
N

; IA
S ¼

2�h

e3�SAHSR2
N

: (10)

Assuming �N � 7: 1047 J�1 m�3 as the titanium density of

states, one gets IA
S ¼ 19 pA and IA

N ¼ 7:25 pA with the parame-

ters of our sample device. The experimental value of IA
N ¼

37.5 pA is obtained by fitting the low bias region of the I-V char-

acteristics at base temperature (dashed black line of Fig. 1). The

discrepancy between the experimental value and its theoretical

prediction might be a consequence of the layered island as the

two values would coincide if one considers an effective thick-

ness of the normal island to be H¼ 7.4 nm instead of 35 nm.

At low temperature (k BT � D) and for weakly transpar-

ent junctions (Tn � 1), one can approximately express zero

bias conductance in the form

G0 Tð Þ ¼ 1

RN
cþ

ffiffiffiffiffiffiffiffiffi
2pD
k BT

s
e�D=k BT

0
@

1
Aþ eIA

N

2k BT
; (11)

where

c ¼ RN
e2

p�h

X
n

2T2
n

2� Tnð Þ2
þ eIA

S RN

D
(12)

is an effective Dynes parameter accounting for the sub-gap

leakage current. Environment assisted tunneling7 may also

contribute to the phenomenological parameter c.

Nevertheless, with the value of IA
S ¼ 19 pA estimated above,

one gets eIA
S RN=D � 0:65� 10�4, which agrees well to c ¼

0:8� 10�4 in the experiment.

Figure 2 depicts the zero bias resistance, extracted from

the I-V characteristics by numerical differentiation. The alu-

minum gap D ¼ 221:7 leV is used as a fitting parameter at

temperatures near the aluminum transition, where the total
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conductance is dominated by the quasiparticle tunneling.

The responsivity in this regime where kBT � D but where

quasiparticle conductance still dominates reads

@R0

@T
¼ �RN

T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D

2pk BT

s
eD=k BT : (13)

The NIS thermometer responsivity will eventually vanish

due to the sub-gap leakage as the NIS resistance reaches the

limit set by the c parameter.

The responsivity changes sign for the temperature

k BT0 � D=ln D
eIA

NRN

� �
. For temperatures below T0, Andreev

current is dominating the zero bias conductance leading to

the positive responsivity

@R0

@T
¼ 2k B

eIA
N

; (14)

which remains constant for k BT > ETh. This phenomenon is

also called reentrance effect, it has been predicted in the con-

text of NIS junction theoretically15,16 and measured

experimentally.17,18

In order to reproduce the data presented in Fig. 2 theoreti-

cally, we need to take into account that the electronic tempera-

ture saturates at around 85 mK when cooling the bath (Tbath)

below this temperature. This can be incorporated in the model-

ing by considering the normal island of the device to be a free

electron gas in quasi-equilibrium so that its temperature Te is

the solution of the following Heat Balance Equation (HBE)

_Qa þ 2 _QqpðV; TeÞ þ _Qext ¼ RVðTa
e � Ta

bathÞ : (15)

Although Andreev current does not transport heat across the

barrier, it has been shown that it produces power _Qa ¼
IN � V into the normal island.19,20 _QqpðV; TeÞ represents the

heating (or cooling) due to quasi-particle transport through

one of the junctions. One can neglect this term near zero

bias, but it dominates the left-hand side of Eq. (15) as soon

as eV approaches D. The term on the right-hand side is the

electron-phonon coupling, with a¼ 5 and R �
1 nW=K5=lm3 for most metals.3 The phonon temperature is

assumed to follow the bath temperature Tbath so that assum-

ing an external heat load _Qext ¼ 170 aW, the electronic tem-

perature saturates around Tsat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_Qext=RV

5

q
¼ 85 mK.

Although not less than five parameters are needed to

describe the zero bias resistance as a function of temperature

fully, only a single one (IA
N) accounts for the constant respon-

sivity in the range from ETh=k B to T0. Furthermore, this pa-

rameter can be known beforehand, by measuring a single I-V
characteristic.

Let us now extract the responsivity and sensitivity of

our implementation of an Andreev thermometer. Figure 3

shows the voltage response of a current biased SINIS device.

Parameters, which have been extracted previously, are re-

used to plot the theoretical response (dashed lines) using

Eqs. (1) and (15), excluding self heating. The upper curve

(Ibias ¼ 43 pA > IA
N) is a typical response of a NIS quasipar-

ticle thermometer. The saturation, due to the c parameter, is

limiting the range of this measurement, as suggested by Eq.

(2). On the contrary, we do not expect saturation of the

Andreev thermometer, whose maximum responsivity is

given by @V=@Tmax ¼ 2k B=e ’ 172 lV=K. Due to the posi-

tive responsivity, implementing electro-thermal feedback

requires a voltage biased device, but the relatively small log-

arithmic derivative of the resistance, a ¼ d ln R=d ln T � 1

will limit its strength. In order to reduce self heating, one can

operate the thermometer close to zero bias voltage and mea-

sure the impedance of the structure. The responsivity is then
@R
@T j0 ¼ 4:28 MX=K, which is in good agreement with the

theoretical prediction given by Eq. (14).

In the small bias regime, the main source of noise comes

from the voltage pre-amplifier. The Noise Equivalent

Temperature (NET) of the thermometer can then be directly

calculated as

NET � Sv

@V=@T
¼ 20:8 lK=

ffiffiffiffiffiffi
Hz
p

; (16)

where Sv is the input noise of the voltage amplifier, typically

Sv � 1nV=
ffiffiffiffiffiffi
Hz
p

. If one can assume that the noise of the am-

plifier to depend only on the weakly sample impedance, then

FIG. 2. Zero bias resistance as a function of temperature. The fitting model,

indicated by black lines, uses Eqs. (11) and (15). The parameters are RN ¼
755 X; D ¼ 221:7 leV; c ¼ 0:8� 10�4; and IA

N ¼ 37:5 pA. One more pa-

rameter is the external heat current _Qext accounting for the deviation

observed at low temperature (see inset).

FIG. 3. Voltage response of the thermometer. The dashed lines are calcu-

lated using the parameters listed in Fig. 2 caption. The non-monotonic

behavior of the voltage denotes two different regimes, quasiparticle NIS tun-

neling at high temperature and disorder enhanced Andreev current at low

temperature.
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the NET is expected to be constant over the full temperature

range.

The Noise Equivalent Power (NEP) is related to the

NET as NEP ¼ Gth;R � NET, where Gth;R is the total thermal

conductance, linearized near the working point. Near zero

bias voltage, the electron-phonon coupling dominates the

heat transport and Gth;R � 5RVT4. We then expect NEP ¼
1� 10�18 W=

ffiffiffiffiffiffi
Hz
p

at 100 mK, with R ¼ 2:4 nW=K5=lm3,

which is the value of bulk gold. We believe this estimation

of the NEP to be the worst case estimate as the island is com-

posed partly of titanium with a smaller R value. As the

responsivity of the Andreev thermometer is constant, reduc-

ing the temperature leads to a quick improvement of the

NEP. At 20 mK, we would expect NEP ¼ 1:6�
10�21 W=

ffiffiffiffiffiffi
Hz
p

within this model.

Defining a figure of merit for a thermometer is a prob-

lem with an application-specific answer.2 According to Eq.

(14), the main advantage of Andreev thermometer appears to

be its constant responsivity over a wide range of tempera-

ture, bounded below by the Thouless energy (Eq. (6)). A re-

alistic estimation gives 2:5–25 mK depending on the value

of sN
u ¼ 1:5–0:15 ns measured in other experiments.21,22

Once the Andreev current IA
N has been measured at a single

bath temperature, the responsivity is simply a number

involving only fundamental constants. We measured the

responsivity in our device to be @R=@Tj0 ¼ 4:28 MX=K,

which was constant over the full temperature range of the

measurement [80–200 mK]. Generally, in an equilibrium

environment, where _Qext can be neglected, the saturation of

the electronic temperature is determined by self heating. In

this respect, Andreev thermometer is favorable since it oper-

ates near zero bias. This is not the case, for instance, for a

NIS thermometer, for which a trade-off between the respon-

sivity and the operation range cannot be avoided.

As Andreev thermometer is probing the local tempera-

ture of a metallic island, one can expect this system to be

a radiation absorber, and we estimate the NEP to be 1

�10�18 W=
ffiffiffiffiffiffi
Hz
p

at 100 mK. Further measurements at lower

temperature, by reducing the external heat load of the present

experiment, would be required to test the low temperature

limitations of an Andreev thermometer.
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