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   L 'effet tunnel dans les nanostructures métalliques

Les jonctions tunnel considérées dans cette thèse sont du type métal/isolant/métal. Les surfaces

caractéristiques S des jonctions sont de l'ordre de 0.1x0.1 µm2. La fine barrière isolante séparant

les deux électrodes est constituée d'une couche d'oxyde d'environ 1 nm d'épaisseur.

E
1
-E

2G= g
t

= g
t e²
U

100 nm

1nm

E1

U

G

E2

U

e2

g
t
= 2 e

2
/h N T

Les deux électrodes sont ici connectées à une source de tension U. Un évenement tunnel se traduit

par la création d'une paire électron-trou de part et d'autre de la jonction. Le travail de la source

vaut E2-E1=eU. Le taux de transition tunnel par unité de temps G est donné par:

où gt est la conductance tunnel de la jonction. Cette conductance s'écrit comme:

Le nombre N correspond au nombre de canaux ouverts, il est donné par le rapport entre la

surface S et l'extension latérale caractéristique lF d'une fonction d'onde électronique soit environ

106 pour la jonction considérée; T est la transmission moyenne d'un canal.

2

Les conductances tunnel fabriquées étant petites ou du même ordre de grandeur que le quantum

de conductance e²/h, le produit NT est d'ordre unité, soit T<<1. Les jonctions tunnel considérées

par la suite sont donc constituées d'un grand nombre de canaux électroniques très peu transmis.

La situation est donc très différente de celle rencontrée dans les boîtes quantiques contruites à

partir de gaz bidimensionnels d'électrons, pour lesquelles les jonctions tunnel sont caractérisées

par un petit nombre de canaux dont la transmission peut être rendue proche de l'unité.

encadré 1
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q=-ne

effet tunnel

réservoir

���������	�
�� �� �
���
� �
� �� �	 ���
�� � ���������� ���� �	������ �	 �
	��� �� ����� ��� ����
������ �	� �	 ������ �� ����
�� �	�
	����

1���� ������� �� ������������ (�����������+��� ���� ������� �� %������ ������ �,�2����� ���

&������ ������&�� ��� (���%��� (�����������+��� ������(�� / ��� ��� ��� �,(�������� ���� �,@��

��.(�����* ���� ������ ����� �� ����%������� �� ����%� ���� ��+����� �,(���%�� �� �!��-�� ���

��������# G� ��� �����9�� ��� / �,���%��� �� ?�,(��������+�� / �� (�������A ���� ��� ���" ��������

��  ��� ���� �(����� ���� �� �����#

� �7 �



ng=0 (mod 1)

Eel

n

ng=1/2 (mod 1)

Eel

n

Ec

  -2    -1        0         1       2                 -1       0         1        2c)

Le transistor à un électron

Cg

VVg

Rt,Cj CjRt,

V

I

a) b)

a) Représentation schématique du transistor à un électron. b) Caractéristiques courant-tension du circuit pour des nombre entiers

(courbe noire) et demi-entier (courbe grise) de nombre de charge de grille ng=CgVg/e. c) Energie électrostatique du circuit pour les

deux cas limites.

-0.3    -0.2  -0.1   0    0.1 0.2 0.3
-0.5

0

0.5

I(
n

A
)

V(mV)

e/C

T=20 mK

Ec=0 .7K 
1 2

encadré 3

Cg

VU

Rt,Cj

île
q=-ne

a)

CgU/e

<n
>

0

1

2
T=25mK

Ec= 1.2 K

c)

Ec

1 2 1 3 5 2 3

Cg U

e

n=0 n=1 n=2

Eel

2 2

b)

La  boîte à électrons

a) Représentation schématique de la boîte à électrons, b) Courbes représentatives de l'énergie électrostatique du circuit pour

différents états de charge c) Mesure expérimentale de l'escalier de Coulomb, en pointillés: prédiction théorique. 

encadré 2
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',�"�(������ �� ��  �@�� / (������� ��� ���������������� �� ���� ������ �� �,(��������+�� /

�� (������� 4�5# H� �,�%�� �"�������� �� ������� ��������� ���� �� ����%����� ��(�(����#

'� ������� ��� ��������( �,��� 2������� ������ ����(� �� �(��� �&�� �� ������������ �� ���

������ �� ������� � <&��� ������( �� �%��� �=# '� ������ (�������� �(�����+�� ����(� �����

�� 2������� �� �� �������( ��� ��� @�� ���&��� ����&��� �� ������ ��� (�������� / ���&��� ��

2������� ������# ',�"�(������ �������� / ������� �� ����%� ��!���� �� �,@�� �
� �� ��������

�� �� ������� � # '�  �@�� ��� ������(���(� ��� �,(���%�� �� ����%� �� � ����	�� 
 ��� +��

���������� / �,(���%�� (�����������+�� �(�(������ ���� �2����� �� (������� ��� �,@��# ',(���%��

(�����������+�� ������ �� ������� ���� �� ��� �� � �,(�������� �� �"�-� ���� �,@�� ��� ���

�������� +�������+�� �� �� ������� �� %����� � *

��	 � ��	�� ������
� � <�=

1��+�� (��� �� ����%� � ��� ����� ����(����( ��� ��� ���� ��� <&��� ������( �� �%��� ��� '��

����������� &��� �� (��� �� ����%� &����� �,�.������� ���� ��� �����-���� ������������� ��"

������ �,������������ ��� ���� ����� +�� �����&���� ���� ��� &������ ���������-��� �� �� ����%� ��

������������ �(����� ������ '���+�� �,(���%�� ������(�����+�� ��� 0���������� ������+��� ���

��� ������ ��&��� �,(���%�� �� ����%� �� �(�������� ���� �2����� �� (������� / �,@��� �� ��� ��

��!�� �,(�������� �� �"�-� ���� �,@�� ��� &���� �&�� �� ������� �� �������� � �� �(���&��� ���

�(��� �� ������� �(%���-���� ������(���� �����(� ?�������� �� 1����� A <������( �� �%���

�=# 1��+�� ������ ���������� �� ��� �� �,(�������� +�� �������� �,(���%�� (�����������+�� ��

�������# ',�������� �� 1����� ��������� �� ����&� ������� �� �� +������������ �� �� ����%�

���� �,@��# 1,��� �� +���+�� ����� ��� �"�(������ �� 6����7�� �.����(� ���� �,(��� ������#

�� 
	�����
�	 � �� ����
	��

'� ���������� / �� (������� ��� ��������( �� ���" 2�������� ������ �� �(���# �,@�� ��������

��� ���� �������(� / ��� �(���&���� ����� �� �&�� <������( �� �%��� �=# H� �,�%�� �� �������

������� �,(��������+�� / �� (������� �(����( �� ! � �
 ��� 4�5 # 1������������ / ��  �@�� /

(�������� �D �� �(����� ��� �"�(������ / �,(+���� ��� �� ������ ���� �� ���������� ��� ������(�(�

�� ���������# '� �!��-�� ����������I������ ��� ������(���( ��� ���" ��%�(� �� �� ���( * '�

��� �� � �,(�������� �� �"�-� ���� �,@�� �� �� ��� �� � �,(�������� �!��� ���&���( �� �������#

',�"�������� �� �,(���%�� (�����������+�� �� ������� ��� �� ����� �,�� ����� �����%�� / �����
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� �� ���	"�' ��+ ��� ��	,�

G�� �(������ �,��� (����(� ������ �� �(��������� ��� E����� �� 8���� �,�� ���������� / ��

(������� 4�5# 8��� �� ����������� �(���� ���� �� ��(�� ���� �� ������� ��� �����( ��� �� ����%�

������� ��� ��� �������( �� ������%� �&�� ��� �(����� (%��� / �� ����%� (��������+��# 8�����

����� �"�(������ +�� ���+�� �� �( �� �� �,(��������+�� / �� (�������� �� ��� ���" �������� ���

(�( �(&�����(�� ���� ���� ���������� �� ���&��� ������� +�� ���� �(������ �� ���&����� �����

����� 4�5# 1���� ��(���( ���� �� ��(�� ���� ���� ��� ����������� / �� (������� ���� ��������(�

�� ������� (��������� ������������ �����(�� ����� ����� �� �� ����� �� ������� ��� ��� 2����

����� ������ �� ��� �������(�# '��� �������������� ������ ��� �� +������������ �� �� ����%�

�� ��� (��������� ������(�������� �����(�� @���� ����+�� ��� 2�������� ���� ���+��� �,����/�����

����+�� ���� �(�������� ������ ��� %����� ��&��� �� +������ �� �(��������# 8��� �� �(%���� ���

(�������� ���� ����+�� �������(� ���� ��� @���� �� �,(���%�� �� ������� ��� ���������� �,(���%��

(�����������+�� �� �� ����%������� �� ����%�� ������(� �� ������)��� ���+�� 2������� ��� ��

������������ ����( ��� �� �������( �.����&� �� �� 2�������# '� �����%� ��� �.�� ������ �,��

(������� / ���&��� ��� 2������� ������� / ��� ���&���� ����%�������# 3 ��-�  ���� ����(���

����� ���� ���+������ ����� ��� ��� ����������� ���������� / ��� ����%������� ���� �,(���%��

(�����������+�� ��� ���(������# 1� ��������� �� �(������� ��� ����%�������� �� ����%� ��� @���

��� �"�����( ���� ��� �������� / �� (�������# 8��� �� ������� (�(�������� �� ��  �@�� / (����

����� 4�5 <��# ������( �=� ��� ����%������� �,(���%�� �������� �"���� �� ��� ���� �(��������(�

��"  ����� ����(������� &(������ ��� � �� � ������ �D � ��� �� �������( �� �,@��# 8��� ��

���������� / �� (�������� +�� ��� ��� @�� �������(� / ���" �(���&����� ���� �&��� &� ���� ��

��(�� ��� +�,�� �,! � ��� ���2���� �� ����%������� ��� �� &�� / &�� ��� ����������� ������ ���

��� ���" 2��������# '� ����%������� (&���� ���� �� ��� ����� ��� ������� �������� �� ��(������

�� ����������� / ���&��� ��� ���" 2��������� �� �� ������� ��� ��� ���&���� �� �������# 1,��� ��

�(�������� �� ���" �� ���������� �&�� �� ������� �� ������������ �� �,@�� +�� ��� / �,���%���

�� �� ���������� �� �������# 8,������ ����������� ������� / ����� ��� �-%��� �,(&������� ����

������(��� �� ����%� (������� ��� (������� * ���� �,(����� / (�������� 4�5 �� �� ����� / (����

����� 4�5� �� ��%��� �"����� �(�(�( / �� ��(+����� � ������� ����� �� �����%� ��� (�������� ��

��� ��# '� ������� / ���&��� �� ������� ��� ����� ����( ��� �� �������� � � �� # 1�� ��������

� �1 �



������������

�������� ��� �(2/ (�( �����(� ��� ��� �� ��������� �� �(�����%�� �� &�� �� �� ������ �� �� ����

������ �� ��������� ��� �� �� �� �(��������� �,�� (����� �� �,���-��# G�� ����� / 	 2��������

������ �� �(��� 4	5 � ����� �(������� ������� ��� ��(������ ������&� (%��� / ���� ���� ��� ���

����� �� ��������� �� � 6KL# :�����-������ / ��� �(&������������ ��������� (+����� 4
5 ���

� ���( �� ��� �-�� �� �,�"������� �� �,(��������+�� / �� (������� ��" �������� ������������

�����# $���� ��� �����( +�,�� (���� ����� �� �� ���������� ��� (��������+�� ���� ?/ ��� ����� ��

1�����A ��� ����� ��� �.��� �� ����%�� ��" ������(�(� �������-+��� / �� �������������&��(# H�

�,�%������ ���� �,� ��� �� �,������� �� �� �� ������� �� +������ �� ����%� ��* ��� �����-���

�"�(������� 4�5 ��� ����� �����( +�� �� ����%� �,��� @�� ���������������� ��� �� �������� ��

�� �� �,(���%�� �(�������� / �� ��(����� �,��� +������������� ��� ���� %����� +�� �,(���%�� ��

����%� �
�
# '� ������������� ��� �������� �� �,(��������+�� / �� (������� / �,(��������+�� /

?��� ����� �� 1�����A �� �������� ��� ��������� / ��������� ��� ��� �� ����%� ��� ��������#

'� ���(����� +�����+�� �� ��������� ��������������� ��� / �,���%��� �,�� ������%� ���(����

����� ���" (��������� ����������������� �����(�� ��� ��� 2������� ������# C��� ��� ���������

�� ��� �� ������%� M�������� ����+�,�� ��� / �,���%��� �,�� �.�� +�����+�� ����������+���

�,�.�� M�������� �������� ��(��� �� ���� ��� N���� M��������# '� ��������� ��������( ���� ��

��� ��� ��-� ��.(����� �� �,�.�� ������ �����&����� ����� (��������� ?��������A <
��� ��� ������

������������=� ���� ��+��� �� ��������� �� ����%� ��� ���������� �� �����(���� ����+�,�� � �����

/ �� ��(����� �,�"��������� �� ������ (������������ �(����(�(�� ��� ���� ��� ������� ��" ������#

',�.�� ?M��������A ������ ��� �(������������ ��� ������ �� 1�����* �� ��� ����%������ ��"

�.��� �� ����%� +�� ������� �� ��������� / ��������� ��� ������ �� 1����� ���� ��� @���# 1,���

����� ����(������ ����� �� ������%� M�������� �� ��� �.��� �� ����%� +�� �"���+�� ���������

�� ���������� �� ������� �����+�� <�#�# ������� ��������������� ��"����= � ���&(� ���� ��

&������ ���������������� �� ���������� / �� (������� 4�
5#

� �2 �
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��� ����
���� ���	���� ���� ��

� 
�,��

'�� ����-� � ����� �� ���&��� ��������� ��� ���+��� �� ���� +�� ��� ���������� �;���

�� �,(��������+�� / �� (������� �� / ��� ����� �� 1����� �� ����  ��� ������� +�� ���� ��

������ �D �,�.�� ������ ������� ��� ������ ����� ��� �� ��" ������������ (�����������+���# '�

��-�� ��������� �� ����� ��-�� ����� ��� ��� �������� �� ������� 2�������� ������� ������" ��

����������������� ���� �� �(%��� �D �� ������%� ��� �.�� ������ ����� ��� ��.(������ (���������

��� ����L ��������� ���� ������� ��� �.��� �� ����%� �� ��)�� ��� ������ ���&�# ���� �,� ����

�,�� ��� ���������� ����� +�� �� +������������ �� �� ����%� ��� @��� �(������� ��� 2��������

������ ��B������� ���+���� �� ��)�� ��(���� ���� ��� �.��� / �� (������� �,�.����� ����+��

��� 2�������� ��&������� ��-� ��������� �,��� ��� ������# O�� ��&���� ���� �� �(%��� ��

������� �� ���� ������ �� �� �����(��������+��� / ��&��� �� ���������� / �� (������� P 1�

��� �-�� ��� � ���( ���� �� ������� �������� �� ����� ��-��� ���� ��  �� �� �(%�%�� ���

�(������� �"�(��������" �� ��(����� ���� �� ����������� ��� �.��� �� ����%� ���� �� �(%���

�,�.�� ������ ����#

',(��������+�� / ��� ����� �� 1������ +���� / ����� �,� ��� (�( �"����(� �� ���/ �� �����

������ ��������������� 4�
5� �D �� ��(���-�� ��������� +�,��� �� ����(������ ����� �.��� ��

����%� �� ������%� M�������� �,� (�( +�,������������� � ���&(# :������ ������ �� (&������

����� ����(������ �� �������� �� ����%� �,��� (�������� ���������������� ��������� �����(�

/ �� �(���&��� ��������������� ��� ��� 2������� M�������� P O�,���� ��� �,�����%�� ���� ���

���������� ����������������� �� �� ������ ��� ��� ��� �(��������� ������ <� � ��� P :���

�(������ / ��� +��������� ���� �&��� �(����( �,�"�(������ �� �� ? �@�� ���������������� / ���

����� �� 1�����A +�� ��������� �� &������ ����-������ ���������������� �� ��  ���� / (����

�����# 1� ���&��� ������� ��(����� (%������� �� ���(�;� ����������� �� ����� �� &�� �� ��

�(����+�� +�����+��� ����+�,���� ������ ?�,���(%���A� �� ���� �� �� �����(��������+��� �� �!��

�-�� +�����+�� / ���" ��&���" * �,(��� +�����+�� ����������� �� �,@�� ���������� �� �.�� /

��� ������������� ���(����� �� ���" (���� �� ����%� ��.(���� �� ��# 1�� �(&����������� ����

�,� 2�� �� �������� � �� ����� ��-��#

1���� �"�(������ �� ����� ��������� ��� ���-� ��" (���� �"���(�# '� ������������� ��� (����

+�����+��� �,�� ������� / ��� ����� �� 1����� �������� ����� �� P C��� �&��� ���%��( ���� ��

 �� �� �������� ���� ������"� +�� ��  �@�� ����������������� +�� �������� ���" @��� ���������

� �3 �



������������

�����(��# G� ��%��� �� ��������(+����� ��������� ��� @�� ������ ��� ����������� &��� ��� (����

�"���(�# 1�� (���� ���� �(����(� ��� �� &�������� �� ������� ��������������� ��"�������&���

�������� / ���&��� �� �������# '�� �(������� ��(���������� � ���� ��� �� ������� ���� ��(����(�

���� �� ������-�� �������� �� ����� ��-��#

H� �"���� ����� ��� ����� ��.(����� �"��;������ ���������� ����� �,(��������+�� / �� (�������

�� �,(��������+�� / ��� ����� �� 1����� ���������� �,�.�� �� �,��&���������� (��������%�(�

��+�� �� �������# C��� �&��� ������(�( 2��+�,��� ��� �������� �������(� �� �������# '� ��(����

��  ����%� �� 1����� ���� ��� �������� / �� (������� ������ +�� ����� �����"������� ���

�"�������� �� �,���(����� ����� �� ������ �� ������� �� �� ������� ��� ��� �� ��&��� �� # 8���

�� ��� �����(� �+�� �,� �� ;��� +�,�������������� �(����( �"�(��������������� �� ��(�����

�� ����� ���(����� ������� / ��� �(������� �� �� ����������� ��" ��� ��� �������� �;��

���� �� ��� �,��� ������ 2�������# 1� ������������ ��� ���(���� ��� �Q �� �����%�� ���� ��

�����%� �,�� (������� ��� �.�� ������� �� �,(���%�� (�����������+�� ������� �� ����� ��� �����

(��������%�(��+��� �� �,���(����� �� ��� ��%�(� �� �� ���( (��������+��� ��� (���������# ',�.��

�� �,��&���������� ��� ��� �������� / ��� ����� �� 1����� �,��� ����� +���� / ��� +�� ���� ��

������ ��� ��� ��� ������%�� M��������# '���+�� �� ������%� M�������� ��� ����� �� +������� +��

�� ���� ������������� ��� �� ��&��� �� �� ������� �����+�� +�� ���� ���&����� ��� 2������� ���

�.���( ��� �,��&���������� (��������%�(��+��# 1� ��� �-�� ��  ����%� �� 1����� �� �,�.��

M�������� ��� � ���( ��(���+������ ���� �� �������� � �� ����� ��-��#

1���� ��%���( ���� ����� ��� ������������ ��(������ �� �,(��������+�� / �� (������� ���� ��

�(�����%��� �&�� �,(����� �� �� ����� / (��������� �� �,(�������(����� �&�� �� ���������� / ��

(�������# '� ����� ����( �� �� ������� ���������� ��� �,�������� �"�����(� ���� ������� �� ����%�

�� �,@�� ���� ������ ��� �"�(������� �� �!��  �@�� / (��������# '� ��(������ �� �(��������+��

� ����� �(���� / ���� ����� �� �,�����;�# 8� ��)�� %(�(����� +���� ���� ��� �(�������� +��

�������� �� �(������� �� ����%� P 1������ �� ��������� ��� ����������� �� ��+�(� �� ��.(������

��)��� P :������ �������� �� ���������� / �� (������� ���� �(������ ���� ��� ������ �� ���

���������� ����%(�� P 1�� +�������� ���� ������(�� ���� �� �������� �#

'�� �"�(������� �(����(�� ���� ����� ��-�� ��������� ��� �������� �� ������� 2�������� ������

�� ��+�(� �� �� �������� ���� �� ������� ��� �����%������ (��������+��# :��� %(�(���������

������ ��� ������(������� ��� �,(��������+�� / �� (������� �� �,(��������+�� / ��� ����� �� 1�����

�,��� �,���(�;� +�� �� �,�� ���&���� / �� ��+��� ��� �������� ���%��(�# '� ������"��( ����������

� �4 �
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�� ��� �������� �(������� ��������� ��� ������+��� �� �� �������� ���� ������� ���������� ����

�� ������������(�# :������ ���(%��� ���� �� �;�� ������� ��� 2��������� ��� ������������� �� ���

�(��������� P $"��������� �,������ �(������ %(�(����� �� ������ �������� ����� �� �����%������

(��������+�� P '�� ����(�(� �� �� �������� +�� ���� �&��� �(&�����(� ���� �(������ / ���

+�������� ���� �(����� ���� �� �������� �#

'�� ���������" �(������� � ����� ��� ��� +�������� � ���(�� ���� ����� ��-�� ���� �(���(�

���� ��� ����%������ +�� ���&���#

'� ���������� / �� (������� ���� �� �(%��� ������� �� � ��

8� ��)�� ������������ �� ������������ �� ������ ���������� / �� (������� ���� �� �(%���

?�������A �� � �� �,��� +�,�� ������ (�����( �� ����� �� &�� ��(���+��� �� ��� �(�������

�"�(��������" �� ��(� �� �������� / ��������� �,�.�� ��������� ��� �.��� �� ����%�# '� ������&�

� ����� �� �(������� �"�(��������" �,�"���+�� ��������� ��� �� ��B����( �� �(�������� ���

�����-���� �� ���������� �� ��)�� ���(��������� �� ����������� �,(���%�� �� ����%� �� �,@��

��

� � ����� �D � ��� �� �������( �� �,@�� �� � ����� �,�.�� ������# C��� �&��� �(���� �����

��B����( �� ��������� ���� �� �;�� ���������� ����� ��������������� ��� �� �����������

�� ����� ��%�(��+��� �� �������� ���� �� ���� � � �� �� �(�������� �� ������� �(�������

�������(��# C��� �&��� �����( �� ����������� � �� ��������� ����������� �,(���%��� �� ����%�

��

� &������� ���� �� �(��������� ������ �� ��.(������ &������ ���� �� %���� ���

 �� ����

�,(������� �� ���� �� �,����� �� ����� � � ��#

'�� &��������� �� � �&�� �� ����%� �� ������������ �(����� �� � ������ �� �� ����(���

���� ���� ����(�� ��� �� �%��� � ���� ��� &������ �� �(�������� ������ ��������&����� %������

�� �� �,����� �� +������ �� �(��������# '�� ��.(������ ����� ��� ���" �(����" �� ���� ��

���� ���������-������ ���� ��� /  ���� ����(������# :��� �� ���������� ?��� �������A� ��� ����

�� ����������� ���� ��� �� ��� ��� &����� ��"����� ������ �� �� �����( �� �� �����������

��!������+�� / ����� ����(������# 1� ������������ ���  ��� ����� ��(&� ��� �� ���-�� ��

��������� �(+������� �� �� ����%� ��� ��� ���" 2��������  ��-&����� �(���� ���� �� ��(�� ���#

'�� ���� ������������� ��" &������ �� �� ���� ���+������ ���" (���� �� ����%� �� �,@�� ��� ��

�;�� (���%��# :��� �� ���������� ?�������A� ��� ���� ������� ���%�� �� ���������� �� ��������

2��+�,��" ����  ����� ����(������� �"����(��# 1�� �.��� �(������� (����( ��(���+������� ���

��� �� �� / �,�.�� F���� * �,(��� +�����+�� �� �,@�� ��������� / ���" (���� �� ����%� &������ ���

� �5 �
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�,�����%�� �� ����� �� ��� �"��������� ������ ���� ��� �����%��� ��� �"��������� (��������+���#

'� ��(����� ���&��� �� �(%�%� �� �,����� �� ��� �(������� �"�(��������" * 3 ����� ����(���

����� �� ����������� �,�� ���������� ?�������A �� �������� ����� ����� �,�� ���������� ���

������� ���� �&�� ��� (���%�� �� ����%� ����������(� �eff
�

� � �

�
� �,�.�� (���� �,������ ���� ���

������� +�� �� �(�������� ������ ��� ������ ��&��� �� # 1���� ����������� ����� &��� �� 2��+�,/

��� ����(������� ���(������� / ��

�
���� 3 ����  ���� ����(������� �� ���������� �� �� �������

����� ��� ��� �.��� �� ����%� ������� ���%�����&�����# '� ����������� �&�� ��� ��(��������

��(���+��� ������� �� ������ �,�.�� ������ / ���� ��� ������ �� ������ ����� ����� �(������ ���

��� ��(����� ���� �����&���� ��� �����-���� ����������(� ��� �(����� ��� �� �,�"�(������# C���

��(������� (%������� ��� �(������� �,�� ������ ��-� �(���� �D �e ����������� ������ ��� �(&�����(

�� ���"�-�� ����� �� ������ ����� +�� ����  ��� ������ ��� �(������� �"�(��������" ���� +��

�� �(�������� �,��� ��� ���� ������ ��&��� �� +������ �� �(��������#

',�.�� M�������� / ��� ����� �� 1����� ���� ��  �@�� ����������������

',�"�(������ �� ��  �@�� / ��� ����� �� 1����� ��������� �,�����%�� ��������������� ��

��  �@�� / (�������� ��(����(� ���� �� ��(�� ��� * '� ������� ��� ��������( �,��� ������ 2����

���� M�������� �� �(��� �&�� �� ������������ �� ��� ������ �� ������� � <&��� ���������

�%��� �=# '� ������ (�������� ���������������� ����� �� 2������� �� �� �������( ��� ��� @�� ����

&��� (����%�� ��� ������ �� 1����� / ���&��� �� 2������� �&�� �� �(���&��� ���������������#

',(���%�� (�����������+�� �� ����� @�� ���� ;��� �����(� �� &������ �� ������� �� ���������

���� � # ',�"�(������ �������� / ������� �� ����%� ��!���� �� �"�-� ���� �,@�� �� �������� ��

� # 1���� ������ �,�.����� �� �������� ��������&����� �,@�� / �� (�������-��� �� ����� ����(

�� �(��������+�� +�� �,��� ����� +�,�� ���������� / �� (������� �(���� ���� �� ��(�� ���#

8��� ��  �@�� / (��������� ��� �.��� �� ����%�� +�� ������� / +�������� �� ��� �� �� ����%��

�� �"�-� ���� �,@��� ���� ���+������ �� ����(������ �&�� ��� 0���������� ������+���# 8��� ��

 �@�� / ������ �� 1������ �� ������%� M�������� +�� ���� / �(��������� ��� ������ �� 1�����

���� �� ���� ;��� ���� �� ������#

'� ������� ��� ���)� ���� +�� �,(���%�� �� ������%� M�������� ���(� �� ���� �(%-������

���(������ / �,(���%�� ������������+�� �� �,@��* �� � ������ �D � ��� �� �������( ������ �� �,@��#

8��� �,�"�(������ +�� ���� �&��� �(����(�� �� ��� �� ��!�� �� ������ �� 1����� �� �"�-�

��� ��� ��� �������� �� �� ������� � �� ����� �,��������� ���(�������� �� �� ����(������ ����

� �7 �
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� � 
� �F� �� ���� �� ������� �� ���+�� ������ ��� (%��� / ����� �� 1����� <&��� �%���

���������=# 1��+�� ������ ���������� �� ��� �� �� ������ �� 1����� +�� �������� �,(���%��

(�����������+�� �� �������# >�� �� ������� �� ������� �� ����&� ���� �� (��� +�����+�� �D ��

��� �� �� ������ ���� �,@�� ���  ��� �(���# :�� ������ �� ���������� ����� ���" ������� ����������

%���� ��� ���%��� ���� /  ���� ����(������ �� ������ �� ������%� M�������� +�� ������ ���

0���������� +�����+��� ����+�� �,(���%�� �(������ ���" ����%�������� �� ����%� &������� ���

���(������ / �� # 8��� �� ���%� �� ����������� �,(��� +�����+�� �� ������� ��� ��� �������������

���(����� ��� ���" (���� �� ����%� &������ 
�� �� 
�
 ��# 3� ������ �� �� ������� �� �������

��� ����� ���� �,(��� ��
�
	
��
 
�
 ���� �� ����� �� �� ���� � �� �� ����� ��� (%��� �� �������

�� �,(���%�� (�����������+�� �,��� ����� �� 1����� ��� ��� �,(���%�� M�������� �� � (���%��� +��

���&��� ;��� (&���(�� ���(����������# '� ���� � ��(���+�� ����(� ���� ��� &������ ��� ��

 �� ������ �&�� �� ���� � �"�(���������# 1���� �"�(������� +�� ��������� �,� ���&����� �������

�� �,�.�� M�������� ������� �� 2�� ��� ���+�� ����� �� 1������ �(����� �� (��� �� ���(�����

+�����+�� ���� �� �!��-�� ����������+��#

'�  ����%� �� 1����� �� �,�.�� M��������
'� �!��-�� +�� ���� �&��� (����( ��� ����( �,��� 2������� M�������� �� ������� �����+�� ��

�� �(��� �&�� ��� ���(����� ���������������� �� �������# J� ������ ��� ����� � ��"  �����

�� �!��-��# G�� ����� ������������ ���� �,�.������ �� ��������� �� ������� ��� �����;�� �� ��

�����+���� �� 0�" ��%�(��+�� / ���&��� ��  ����� ����� ����(� <&��� �%��� �=#

'� ����������� �� �� �!��-�� ��� �� ����� �� ����������� M�������� �� �� ����������� ��

�,��&����������# ',(��� ����������� ���������� / �� ������� ��� ��� � 	�� ���� �,�"��������

�� �,� ����� �,���(����� ��� ����(� ��� �� �������� �� M�������� � 	�� � �� ��� �# C��� �&���

���� �,� ��� �.����( �� ������ ����� ��!�� �� �� ������� �� ����&( +�� �� ������� ���������

������� ��"���� �� ��� �,������ ���� ������( ��� ������� / �� +�� �,���(����� ��� %�����#

1� ��(���-�� ���� ;��� ������(�( ����� ��  ����%� �� 1����� �� �,�.�� M��������# C���

�&��� ������( ��� ��(�������� �� �� ������ �� �(������ �"��� � ���� ���(��+������ ���� ��

��&���������� ���������� �� ���� ���� <��� �D �,���(����� �� �(��� ��� ��� ���� ������

�����=# :�� �����%�� �&�� �� �!��-�� ����� ����� ���� �&��� �����( �� ������ ����� ��!��

���� ���������� ��� �.��� �� ��������������� ��� ����� ��  ���� (���%�� �� �,��&����������#

8��� �,(��� ������������ ��� ����� ���� �� �.�� (�����(� ��� �� ����������� �� ���� (��� ��

��Q�� ��� �,(���%��# C��� �&��� ����� � ���� �� ������� �� ��������������� �� ������� �����+��

� �� �
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G� ��� ���������� �������� �� �.�� �,�&(��� ����� ���� ��� ������ �(������ �� ��!��+�� ���

���������� * C��� �&��� �����( +�� �� ����� ����( �,�� ���������� / �� (������� ���� �����&� ��

�� ������ �� �� ����� %��&������������ �,����������� �.������� �� ���&����� ���������������

�� ���% �� �,�"� �,�� �� � (+�����������# C��� �&��� �����( +�� �� ���������� / �� (�������

����-�� �� ��&��� ��  ���� ��B����  �� ���� �� ������ �������# $� ����� �� ������� ���

������ ����� ���������%�(��+�� �� ������ ��� �� ��������� +�� �� ���+�� ��� �,�.�� �� ��

%��&�������#
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������+��� �� �� ��������
'�� �������� / �� (�������� +�� ���������� ��� �(����� �� ������ ���(������ / �

 ��� ����

� ����� ��� �����%������ (��������+��# 1���� ������+�� ��� ���&����������� ������(� ���� ���

 ��+��� ��� �������������� ���� ��� ���������� ����  ��� �����9�(�� * �� �������� �,(��������

���(�(�( ���� ��� ������� �� ���������� /  ���!�%� &���� ���(��� ���������� ��� �(���� (�������

����� �� ���������� / �� �(��������� �,�� ���+��# 8,������ ������+��� �� �����%������ �������

/ ����� ��� ����������� / ����� �� ���"����( <>�6� 3E6� ���#= ��� (�( ������(�� ���� �����

���� ���� ��(���+��� ���� �,�����+��� / �� �� �������� �� �������� / �� (�������#

C��� �&��� �(&�����( ��� ������+�� %(�(���� �� �����%������  ��(� ��� �� ���������� /

����� �����+�� <3E6=# 8��� �� ���&��� ����(�(� �� ������ �B�(� �� ���������� &���� �������

�� ������ (����� ���� ��� ������ ����� �� ���!����� <�%��� �=# 1� ������ ��� ������� ������(�(

���� ��� ������ ����� �� %�������� +�� ���� �� ���+�� ���� �,(&��������� ��� �������

����������� �� �������������# C��� �&��� �� ��+�( / �,���� �� ����� ������+�� �� ���������� /

�� (������� �� ������������ (+��&������� / ������ �� ����������� �� ��+�(� ����� ��� ������+���

���&������������#
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:�� ��������� ��� �(&����������� �� �,(��������+�� / �� (������� ���������� / ���%���� ���

�������� �� ���� �� ���� ������"��# 1��"��� �(��������� �,���(%������ ���������� �� ������������(�

������� ��� / �(������ ��� ��� ����� ������ �����������# C��� �&��� ���� �(&�����( ���

������+�� �� �� �������� �� ������������ +�� �.�� ����� ���&����� ��������� �� ���&��� (�� ���

��� �����"���� �� ��� ������%�� ���������� �&�� �� ������� ��(��� ������ �� ��+�(� ?������(A

���� ��� ������ �(��������� �������� �� ����(� ��" ������ �� �����"���� <&��� �%��� 	=# 1����

������+�� ������ ����� �� �����9�� �� �,��&���������� (��������%�(��+�� �� �������� / ��� �����

�� 1����� �� �� �(��������� �� ��%���  ����(�� ���� �,��2������ �� ��%���" ��������(+�����#

 
���� A� "
�����	�

� ��
�� 	� �
�������� ��������
��� � �	�	+	�� ���� �
���
� ����
����
�
������� ����� ��
�� � �	
��� �� 0����� (�� 
	�� � �	��
�* ������� � �� ��������-��� (�� �	� �
���
��*� $	 �	����������� 	 ��� ������� ��� ��� ����
� 
���	��� �� ���+
�
�� ������ �� = ��
���
(������� �������* ���� ����	���� ��� @�� ���� ������	������ $	 ���	�
�	�
�� ���������	�
��� ���
���� ���,����� ��B�� � ��� �	�	�
��� ��������� ���� ��� 	��	����� 
�#��
����� ���� ��� �%����
���
��� ���% @�� ��� �����������

� �� �



������������

-���	�����

4�5 R#3# 6����7��� :�!�# R�&# ./' ���� <����=#

4�5 �# 3# E����� ��� S# M# 8����� :�!�# R�&# '���# 01� �
� <��
	=#

4�5 6# K# 8�&����� 8# $���&� ��� 1# G� ���� C����� .2)' ��	 <����=T ���� ��� ��&�� �� ��2��

���� �(&�����(� * <
���� 0
	��� C�����
��� C3�J 3>H ������� ���# K# S�� ��� ��� 6# K#

8�&���� <:������ C�� U��7� ����=#

4�5 :# '����%�� K# :������� $#R# V�������� 8# $���&�� 1# G� ���� ��� 6# K# 8�&����� W# :�!�#$

30� ��	 <����=#

4�5 '#M# S�����%�� X#E# 3�����%%� :#3# 6# K����%� M#$# 6���2� K# :������� 8# $���&�� 1# G� ���

��� 6#K# 8�&����� :�!�# R�&# '���# 24� ����� <���
=

4�5 K# :������� :# '����%�� 8# $���&�� 1# G� ���� ��� 6# K# 8�&����� $�����!�# '���#� 25� �����

����

4	5 M#6# 6�������� ���������% �� 1:$6,��� ��� ���� M#6# 6�������� 6# C����� ��� K#M# M������

:�!�# R�&# '���# 5/� �
� <����=#

4
5 6#�# ��������� M#6# K��%��������� �#># ��%�� ��� 6# ���7���� :�!�# R�&# '���# 21� ���	�

<����=#

4�5 :# '����%�� :# M�!�L� 8# $���&�� 1# G� ���� ��� 6# K# 8�&����� C����� .20� ���� <����=#

4�
5 :# M�!�L� :# '����%�� 3# E������ 8# $���&�� 1# G� ���� ��� 6#K# 8�&����� 5/���� <����=

4��5 '#M# S�����%�� :�# 8# ������� 8���� G��&�����! �� ��������%!� ���
#

4��5 :# '����%�� :# M�!�L� 8# $���&�� 1# G� ���� ��� 6#K# 8�&����� :�!�# R�&# '���# 5)� ���

<����=#

� �� �



������������

���������	��


	���
 �����
 
�
��� � �
� �
��� ���
�

��� ����� ��	� 
����� ���
� ��� ����������� �� ������ � ����� �� ��� ���� ������ ���
����

���������� ����� �� ! "� ���� ��	�
�# ��� 
������ �� $�������� �� ��� 
����� ����
�� �� � 
��%


���� 
�
�
����# &��� � 
����� �'���� �� ��� ���
�����
 
����� ���� ���$��! ���� �(
���$���

$��)�� ��� ��������� �� ������ ���
�����
�! *��� ����� ��	�
�� ��	� ���
� ���� ��������# &���

��� ��$ �� ������������� ���� ��& �$������ ���� ��� �(
������ ��& ���
�����
 ���
����� �+ 

! ,�� ����� ������ ���
���� ��	�
�� ��� $��� �� �$��� 
����
���� ���
������ 
��
��� �� ��
�

����� ��� �� ��� ���� �� ��� 
��
��� �� ������ -��
����� �� 
�
�
�����! ����� �
������� 
���
�%


�� �� ����� �� ��� '����������� �� 
����� �� �����$������ ���
������# ��
)��$�� �������# &���

��� ������ -��
����� ��� ��.
������ �
�'��! *��� 
��
�����# &��� ��� ������ -��
���� �����%

���
�� �� ��� �(
��� ��� ��������
� '�����$ �� � ���� � �� ��# ��� 
����� �� ��
� ������


�����
���� �� �� ������� ��$��� �� ���
�����! ���
����� ��� ��
������ �� ��� ������� ��� ���

������ �� ��� �����$ �� ��	�� �� ��� ���
��������
 ������ ��� &��
� ������ -��
����� ��� ��%


��
�� �� �'��	����� 
�
�
����
��! /��� �� ���
���� ������� ������� � -��
����# � ��& ������


����������� �� ��������� ��������! ,� 	��� ��& ��$
�������# ���� ����������� ��&���� 
��%

���������� &��� ��&�� ���
��������
 �������� ��� 
�������! ������ ���
���� ��	�
�� �(
���� �����

����
���� 
��
�����! "� ��� ������ ���
���� ��( �0 ���� ������# � ���'�� $���$�$ 
�����������

�� ����
��� &��� ��� � �� � �����	 &���� � �� ��� ����� ������ 
�
�
����
� ��� �� ��� ��%

��
����� 
������� ������! "� ��� ������ ���
���� ���������� 
�$
���� �� �� ������ 
����
��� ��

�&� �����	����# ����� �� ��� ��&��� � ������ 
����������� &��� ���
�
� �� ������ �����������

������� ��
� -��
����! "� ��
� � 
���# ��� 
��
��� ����� �	��	�� �� � 
��������� 
��
��� ��

�����$ ����������� ������� ���� -��
����� ��� � ����� 
������ 1�&� ������� ��� &���� 
��%


���! ��� ��
�����
� �� ���������� ����� �� ��� ������ 
����������� 	������ ����
�� ��� 
������

$���������! 2���� ��	�
�� �(
���� �	������� ����� ��� ������ ��� �������� �� 
������ ��� ��

���3 �� ��� 4���������5 �6 ��� ��� 4
�$
5 ��	�
�� �7 # �� �(������ ������ �� � ���'���
� 



��
)� ��� �������� �� ���
�����! ��� 
������ ������� ��� 
��
��� �� ���� ��	�� �� ��� �����%

$����� �������� � � �
 ! ���� ���� ��	�
� ��� ���� 
����� �� $����������� �� ������� � 
������

�������� ��� �� 
��	��� � 
��
��� $������$��� �� ��� ��� ����
���� 
������� �! , 8%-��
�����


�$
 �
������ �� 6 *9� ��� ������� ���
��� � ������	� 
��
����� �� ���� �8 !

% +8 %



Cg
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Rt,Cj CjRt,

V I

The single electron transistor consist of two ultrasmall tunnel junction in series. The

intermediate electrode (island) is capacitively coupled to a voltage Vg. As for the electron

box, the island charge at low temperature is equal to an integer number of electrons. The

current results from sequential tunnel effect of single electrons through both junctions. Each

tunnel event occurs at a rate which depend of the change in electrostatic energy that it

induces. Since the electrostatic energy of the island depends on the gate voltage, the

current through the whole device is periodically modulated by the gate voltage. In a voltage

biased SET, the current modulation is maximum for bias of the order of e/C (see curves).

This modulated period is equal to one induced electron on the island. electrostatically

coupled to a measurement, this device is an electrometer with a sub-electronic charge

sensitivity. It has been used to measure the charge of the electron box described above.

The single electron transistor (SET)

Cg

VU

Rt,Cj
island

q=-ne

The single electron box

CgU/e

T=25mK
Ec= 1.2 K

-1

0

1

The electron box consists of a tunnel junction in series with a capacitance Cg and a voltage

source U. The small metallic electrode between the junction and the capacitance is an island

exchanging electrons through the junction. When the characteristic energy of thermal

fluctuations kBT is small compared to the charging energy Ec=e2 /2(Cj+Cg) corresponding to

the cost for adding an extra electron to the island, the average number <n> of electrons in

the island is a step-like function of the voltage U so-called  "Coulomb staircase". Each

plateau corresponds to the number of electrons which minimize the electrostatic energy of

the circuit. Transitions to the next step occur when the  electrostatic energy of the two

neighboring charges states are equal. This is obtained for half-integer values of the reduced

polarization charge CgU/e.
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Strong Tunneling in the Single Electron Transistor

P. Joyez, V. Bouchiat, D. Esteve, C. Urbina and M. H. Devoret
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CEA-Saclay

91191 Gif-sur-Yvette, France
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Abstract

We have investigated the suppression of single electron charging e®ects in

metallic single electron transistors when the conductance of the tunnel junc-

tions becomes larger than the conductance quantum e2=h . We ¯nd that the

Coulomb blockade of the conductance is progressively shifted at lower tem-

peratures. The experimental results agree quantitatively with the available

1=T expansion at high temperature, and qualitatively with the predictions of

an e®ective two-state model at low temperature, which predicts at T = 0 a

blockade of conductance for all gate voltages.

PACS numbers: 73.23.Hk, 73.20.Jc, 85.30.Wx, 73.40.Gk

 Physical Review Letters 79, 1349, (1997).
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Single electron devices consist of small \island" electrodes whose charge is nearly perfectly

quantized in units of e, but which can exchange electrons through tunnel junctions. These

two seemingly contradictory requirements can be met if the tunnel conductances of the

tunnel junctions are much lower than the conductance quantum GK = e
2=h. In the recent

years, di®erent single electron devices such as single electron transistors [1], turnstiles [2]

and pumps [3,4], have been successfully operated and their behavior is now well understood

[5]. However, little is known on single electron e®ects when the tunnel conductances are

comparable or greater than GK. In this strong tunneling regime, one expects that quantum

°uctuations of the island charges will eventually suppress single electron e®ects. Indeed, such

a suppression of Coulomb blockade with increasing tunneling strength has been observed

in the particular case of tunnel junctions with only a few, well-transmitted channels [6, 7].

In this Letter, we investigate the e®ect of strong tunneling in the case of metallic tunnel

junctions with a large number of low-transparency channels.

For this purpose, we have measured the zero-voltage conductance of metallic single elec-

tron transistors (SET) with moderate to large conductances. A SET consists of two series-

connected tunnel junctions de¯ning one island (see inset of Fig. 1) and of a gate electrode

which electrostatically controls the current through the device. We ¯rst recall the predicted

conductance within the sequential tunneling model (SM), on which our data analysis will

be based. This model, relevant for weak tunneling, assumes that the number n of electrons

in the island is a good quantum number. It only considers tunnel transitions n ! n § 1

at the lowest order in perturbation theory, level shifts being neglected [5,8]. The SM pre-

dictions for the conductance G of the SET can be expressed using a single function g of

reduced parameters: G = G0 g (ng; E
0
c=kBT ), where G0 = 1=

³
G¡1T1 +G

¡1
T2

´
is the series tun-

nel conductance of the two junctions, ng = CgVg=e is the dimensionless gate charge, T is

the temperature and E0c = e2=2C§ is the bare charging energy of one excess electron on

the island, C§ = C1 + C2 + Cg being the total geometric capacitance of the island. The

predictions of the model are summarized in Fig. 1, in the case of a zero-impedance electro-

magnetic environment for the SET. Finite impedance e®ects can be evaluated within the
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SM [9]. In our samples, they yield less than 1% conductance corrections which were taken

into account in the data analysis.

We now present the theoretical predictions for strong tunneling in the SET. We de¯ne the

tunneling strength parameter as ® = G===GK , where G== = GT1+GT2 is the parallel tunnel

conductance of the two junctions. In the low temperature regime, the conductance of the

SET has been calculated for arbitrary® [10] by mapping the system on an e®ective two-state

model. This calculation, which only retains the lowest two electrostatic energy states of the

island, is only valid near the conductance peaks and at temperatures for which the occupation

of other charge states can be neglected. In the strong tunneling regime, this model predicts

that the ¯nite energy width of the island charge states prevents the conductance peaks to

sharpen at low temperature, as shown in Fig. 2. Correlatively, the maximum conductance

decays as 1= lnT at low temperature. This suppression of conductance for all values of

gate voltage is a new feature which is not predicted by weak tunneling theories. However,

these predictions cannot be tested quantitatively because the model uses cuto®-dependent

renormalized parameters E¤c ; G
¤

0 and®
¤ [11,12] whose relation to the bare parameters is

unknown in the strong tunneling regime.

At high temperatures ( kBT >> E
0
c ), the conductance is given by the expansion [13,14]:

G

G0
= 1¡

1

3
~EC=kBT +O

·³
~EC=kBT

´2¸
(1)

where

~EC = E
0
c

(
1¡

9³ (3)

2¼4
®
E0c
kBT

)
(2)

³ being the Riemann Zeta function. Expansion (1) coincides with the one found within

the SM, but with ~EC in place of the bare charging energy E0c . Hence, ~EC appears as

a temperature-dependent e®ective charging energy which contains all the e®ects of strong

tunneling in the high temperature limit. The model developed in Ref. 14, valid for arbitrary

®, also covers the intermediate temperature range. This model is however not quantitative

because it reproduces only part of the SM predictions and it incorporates an unknown cut-o®

parameter.
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The samples were prepared using standard e-beam lithography and 3-angle evaporation

[15] through a shadow mask [16]. The SETs were embedded in a low-pass RC electromag-

netic environment necessary to the determination of E0c in the superconducting state. The

resistances consisted of 1 ¹m-long resistive leads made of either Cu or AuCu alloy, and were

connected to on-chip 100 pF planar capacitors with one plate connected to ground. The

samples were placed inside a copper shield anchored to the mixing chamber of a dilution

refrigerator. Most measurements were taken in the normal state of the Al electrodes, in a

0.5 T magnetic ¯eld. The electrical wiring between the sample and the measuring apparatus

at room temperature was made through ¯ltering coaxial lines, shielded twisted pairs and

discrete miniature cryogenic ¯lters [17]. We measured the zero-voltage conductance using a

low-frequency ( ¼ 10 Hz ) lock-in technique, at an excitation level adjusted to probe only

the linear part of the current voltage characteristic. We have investigated 4 samples, labelled

1 to 4, with increasing conductances G0 = 5.82 ¹S, 6.06 ¹S, 24.9 ¹S and 71 ¹S. Assuming

G== = 4G0, since the two junctions of each sample are nominally identical, the values of ®

are 0.60, 0.62, 2.5 and 7.3, respectively. The junction size (typically 104 nm2 ) results in a

number of channels of the order of 106 and in a bare charging energy E0c between 1.0 and

1.5 kB K. For each sample, we measured the conductance as a function of the gate voltage

Vg at various temperatures. Experimental data for samples 1 and 3 are shown in Fig. 3. For

sample 1 ( ® =0.6), the data closely resemble the weak tunneling predictions of the SM (see

Fig. 1), as expected. In particular, the width of the peaks at low temperature scales with

temperature down to 10 mK, the lowest temperature we have reached. This good electron

thermalization proves the e±ciency of the ¯ltering. Deviations from the SM predictions

show up in the reduction of the peak height at low temperature. We interpret this e®ect

as a ¯nite tunneling strength correction (the environmental resistance of the AuCu leads of

this sample, of the order of 200 ­, results in a similar but much smaller e®ect). For sample

3 ( ® =2.5), the deviations from the SM are more pronounced: the conductance peaks are

wider and the maximum conductance is more reduced at low temperature. Note that such

deviations cannot be predicted by treating quantum °uctuations as an excess temperature
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within the SM. The experimental results are in qualitative agreement with the predictions

of the two-state model of Ref. 10, for suitably chosen E¤c ; G
¤

0 and®
¤ (compare Figs. 2 and

3). Note also that the parameter ®¤ we have used is di®erent from the bare ®, as expected

[11].

In the high temperature regime, we have analysed our data using the SM but with an

e®ective charging energy as suggested by Eqs. (1-2). In the temperature range where there is

no conductance modulation with the gate voltage, we de¯ne an e®ective charging energy ~EC1

through the equation Gexp=G0 = g
³
~EC1=kBT

´
, where Gexp is the measured conductance. In

this regime, ~EC1 is the only parameter needed to describe the data. This procedure can be

generalized to the temperature range where the SET modulates, by using the ng -averaged

conductance, but ¯tting of the modulation is not guaranteed then. In this latter range, one

can use a similar procedure to extract another e®ective energy ~EC2 from the aspect ratio

(Gmax ¡Gmin) = (Gmax +Gmin) using the SM. If ~EC2 and ~EC1 coincide in the temperature

regime where the conductance modulation is sinusoidal, the data can be well ¯tted using

the SM with this e®ective charging energy. In Fig. 4, we show the values of ~EC1 and ~EC2

obtained following the above procedures. One ¯nds that ~EC1 and ~EC2 indeed coincide in

the temperature range where the modulation is sinusoidal, supporting the e®ective charging

energy idea. The temperature dependence of the e®ective energies is more pronounced for

increasing ®. The reduction from the T ! 1 extrapolation, already noticeable for ® =0.6,

reaches 70% for ® =7.3. This reduction can be interpreted as an increase of the e®ective

junction capacitance, which is expected to be in¯nite in the limit of in¯nite tunnel conduc-

tance. According to Eq. (2), the T ! 1 extrapolation determines the bare charging energy

E0c . In order to check this prediction, we have carried out an independent determination of

the charging energy E0c . For this purpose, we took advantage of the subgap resonances in

the I-V characteristic of the SET in the superconducting state. Clear observation of these

resonances, due to the so-called resonant Cooper pair tunneling process [18, 19], necessitates

an electromagnetic environment with a smooth frequency response and su±cient dissipation,

as provided by our on-chip RC circuit. These resonances are gate-voltage dependent and
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form a checkered pattern in a pseudo-3D I-V -Vg plot, as shown in the inset of Fig. 5. From

the bias voltages at which resonance crossings occur, one obtains a charging energyESc . This

charging energy di®ers from E0c due to virtual electron-hole excitations. Perturbation theory

at the lowest order for ng = 0, yields E
S
c = E

0
c f1¡ ®¡ (E0c=¢)g where ¢ =180 ¹eV is the

gap of Al and ¡ (x) = x
¼

R+1
0 u2K2

¡1 (u) e
¡xudu, K¡1 being a Bessel function [20]. Using this

result, one ¯nds that E0c is 2% to 50% larger than ESc for our samples. The values of E
0
c

obtained this way are indicated by arrows on the left axes in Fig. 4. Using these values,

we have plotted the predictions of Eq. (2) in Fig. 4. These predictions, with no adjustable

parameter, are in quantitative agreement with the experimental data in the temperature

range for which the ¯rst order expansion in ® is su±cient.

The following scenario for the suppression of Coulomb blockade with increasing tunneling

strength now emerges from the temperature dependence of the maximum and minimum

conductances as a function of the reduced temperature kBT=E
0
c shown in Fig. 5, for samples

1, 3 and 4. At high temperatures, strong tunneling tends to suppress the reduction of

the relative conductance due to Coulomb blockade, and to restore the bare conductance.

The observed reduction of the e®ective charging energy with respect to the bare charging

energy shifts the modulation regime below a temperature which decreases strongly as ®

increases. In the modulation regime, the conductance peaks are wide and their maximum

continuously decays when the temperature decreases. Quantum °uctuations thus reduce

not only the e®ective charging energy but also the modulation of the relative conductance

with gate voltage. These e®ects, which impose a quantum limit to the performances of the

SET, should be considered in electrometry applications. In conclusion, Coulomb blockade

is washed out at large conductances, except at extremely low temperatures.

The authors are indebted to H. Grabert and H. Schoeller for useful discussions. This

work was supported in part by the Bureau National de la M¶etrologie and EU ESPRIT

project SETTRON.
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Figure 2.2 Top: Electrostatic energy of the box for given numbers n of Cooper pairs in

excess in the island as a function of the reduced voltage CgU/2e. Energy curves

associated to charge states with one extra quasiparticle in the island are shifted by the

even-odd free energy  D.

Bottom: number of excess Cooper pairs in the island minimizing the electrostatic

energy for D>Ec .It corresponds to an integer number of Cooper pairs in the island.

Figure 2.1 Schematic diagram of the single Cooper pair box. The state of the circuit is

characterized by its number n of excess Cooper pairs that have entered the

superconducting island (dashed frame) through the Josephson junction of capacitance

Cj. The island can be electrostatically polarized by the  voltage source U through the

capacitance Cg .
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Figure 2.3   Box ground state amplitude in the charge state basis for respectively

large capacitance Josephson junctions a) and for ultrasmall capacitance junctions

b), c). These two latter amplitudes are represented respectively for voltages

U=2n0e/C and U=(2n0+1)e/C. For small junctions, the span of the ground state

wave-function Y in the charge state basis is reduced, and quantum fluctuations

occur only between two neighboring charge states.
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Figure 2.5. Energy bands of the superconducting box obtained in the framework of the spin

representation. The box ground state correspond to the symmetric eigenstate which has an

hyperbolic dependence upon the gate charge and asymptotaticaly reaches pure spin states.
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Hamiltonian restricted to two neighboring charge states can be seen as a spin 1/2 interacting

with a magnetic field which components are given by the box parameters.
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Figure 2.7 Top: Energy bands of the superconducting box when both electrostatic and

Josephson Hamiltonians are taken into account. The Josephson coupling forces

electrostatic levels to anticross. The gap between the ground level and the first excited

level is equal to the Josephson energy EJ .

Bottom: Average excess charge of the island at T=0 obtained from the ground state

energy. The "Coulomb staircase" is rounded due to quantum fluctuations of the charge.

At transition voltages (nc=CgU/2e=half-integer), the box is in a macroscopic quantum

superposition of two charge states difering by one Cooper pair. The slope of the curve at

this point directly illustrates the interplay between charging and Josephson effects.
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Figure 2.8: Three dimensionnal representations of the temperature dependence of the

Coulomb staircase without Josephson coupling (top panel) and for a Josephson coupling

energy equal to one third of the charging energy (bottom panel).  In this last case, the

Coulomb staircase becomes temperature-independent at low temperature (kT<<EJ), due

to the gap in the energy band diagram (see Fig. 2.7). This gap makes also the box ground

state more robust with respect to thermal fluctuations, as illustrated by the staircase

smearing which occurs at higher temperature compared to the case without Josephson

coupling (top panel).
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Figure 2.10. a) Schematic of the superconducting box coupled to its electromagnetic

environment, which has been modeled by an impedance Z(w) in series with the voltage

source.  b) same circuit, in which the junction is represented by a capacitor Cj in

parallel a pure Josephson element. c) Equivalent circuit seen by the Josephson element.

All capacitances have been incorporated in the effective impedance Zt(w).
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Figure 2.11: Top: Scanning electron micrograph of the nanofabricated sample used in the

box experiment. The superconducting box in the upper part is capacitively coupled to the

electrometer (lower part). The sample was fabricated by electron beam lithography using a

trilayer process (see fabrication techniques in chapter 6). Josephson junctions (bright

dots) are obtained by overlap of oxidized aluminum layers. Large pads (center right and

left) are grounded and act as shielded guards.

Bottom: Schematic diagram of the experimental setup, sketched with a geometry in

correspondence with the top micrograph.
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Figure 2.12: Derivative of the average charge of the box in the normal state as a

function of the reduced gate voltage n0=CgU/e for decreasing temperatures. Each curve

has been normalized to area unity, and shifted for sake of clarity. Experimental

curves (solid lines) are measured using the lock-in technique, under a magnetic field

of 0.1T. Fitting curves (dashed lines) are obtained from the thermal smearing model

described in Appendix 2-A.
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Figure 2.13. Fitting parameters of the normal Coulomb staircase as a function of the

temperature, deduced from curves above. The average slope gives a charging energy of

Ec =0.63 kB K.
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Figure 2.14 Experimental determination of the even-odd free energy difference from the

Coulomb staircase curve at increasing magnetic field (at 20 mK).  The arrow shows the

zero-field free energy D(T,0) deduced by extrapolating the curve.
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figure 2.15 Derivative of the average charge of the box in the superconducting case as a

function of the gate charge ng for decreasing temperatures.  Curves have been shifted

for sake of clarity and thair area normalized. Experimental curves (solid lines) are

measured using the lock-in technique. Dashed curves are theoretical predictions obtained

using Equation 2.17 without any adjusted  parameter.
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figure 2.16 Effective temperature deduced from fitting the box Coulomb staircase, as a

function the temperature measured by the thermometer in both normal and

superconducting cases. Quantum fluctuations are neglected in this last case. The normal

box has a staircase smearing well described by a temperature effect whereas a

discrepancy appears in the superconducting curve at temperatures below 80mK, proving

that quantum effect must be taken into account.
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Figure 2.17: Time averaged number of excess Cooper pairs in the island as a function

of the reduced voltage CgU/e: The experimental curve (solid line) is compared to the

theoretical prediction (dotted line), ploted for the parameters deduced from the

experiment : EJ=Ec =0.3 .
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Figure 2.18. Micrograph of the sample for the SQUID-Box experiment. Similarly as in the

superconducting box presented in Fig. 2.11, an electrometer is coupled to the device. The island

of the box is here embedded in a superconducting loop through which a magnetic flux F  can be

applied. This SQUID configuration should enable a flux-tunable Josephson coupling for the

Superconducting box.

Figure 2.19. Top left: Schematic diagram of the superconducting box with tunable Josephson

coupling. Top right: Dependance of the effective Josephson coupling energy E
J with the flux

F  in the loop. Similarly as in a DC-SQUID, it is a function F
0
-periodic of the magnetic flux.

The contrast is determined by the Junction transparency unbalance.

Bottom: Resulting Coulomb staircase patterns for respectively maximum (black curve) and

minimum (gray curve) values of the effective Josephson coupling energy E
J 

. The flux

provides an "in-situ" modulation of the staircase pattern.
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Figure 2.21. Experimental current-voltage characteristic of the superconducting transistor

operated in a current-biased mode. The zero voltage branch corresponds to the superconducting

state of the transistor. For a current equal to the switching current Is, the transistor switches

to the finite voltage branch for which both quasiparticles and Cooper pairs are transferred.
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Figure 2.20. Schematic diagram of the superconducting transistor. The island is connected to

two superconducting electrodes by Josephson junctions. The transistor is biased by a current

source. Like the superconducting box, the island can be polarized by a capacitance connected to

a voltage source U.
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Figure 2.22. Comparison of the Coulomb staircase of the superconducting island with the

gate dependence
 of the swiching current in the superconducting transistor. The switching

current is maximum at voltages for which the island of the box show large quantum

fluctuations. The cusp shape of this curve provides another of the coherent superposition of

charges in a small superconducting island.
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Figure 2.25. Experimental wiring of the experiment placed inside the cryostat. We have indicated

the typical operating temperatures for each stage. The sample (bottom gray area) is connected to

the measurement apparatuses through carefuly filtered coaxial lines. The rectangular elements

(marked F) are the miniature cryogenic filters mentioned in the text. The current bias is obtained

by charging the voltage source Vb by a serial impedance of 12MW. The optional feedback loop (top)

is represented in gray.
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Figure 2.28: Left: Derivative of the average excess charge in the superconducting box

with respect to the gate charge number nc for increasing magnetic field. Experimental

curves have been shifted by an amount proportional to the applied field. The top curve

corresponds to an applied field of 0.1 T for which the island is in the normal state.

Right: Schematics of the energy bands and corresponding Coulomb staircase for 3 typical

cases (from bottom to top: D>Ec, D<Ec and D=0). Arrows show the curve for which the

corresponding situation applies.
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#HAPTER �

1UANTUM COHERENCE IN A SMALL
SUPERCONDUCTING ARRAY

)NTRODUCTION

4HE EXPERIMENTS REPORTED IN THE PREVIOUS CHAPTER SHOW THAT THE GROUND STATE OF THE SUPER


CONDUCTING BOX CIRCUIT IS A COHERENT SUPERPOSITION OF TWO CHARGE STATES� 3INCE THE MEASUREMENT

OF THE AVERAGE CHARGE IN THE ISLAND IS PERFORMED AT THERMAL EQUILIBRIUM� IT CANNOT LEAD TO THE

DETERMINATION OF THE ENERGY AND OF THE ISLAND CHARGE OF AN INDIVIDUAL GIVEN EXCITED STATE� 7E

HAVE ONLY SHOWN THAT THE AVERAGE CHARGE IN THE ISLAND IS IN AGREEMENT WITH THE THERMAL AV


ERAGE PREDICTION� 4HE AIM OF THE EXPERIMENT DISCUSSED IN THIS CHAPTER IS TO PERFORM THE FULL

SPECTROSCOPY OF THE QUANTUM STATES OF A SIMPLE SINGLE #OOPER PAIR DEVICE� 5NLIKE THE SUPER


CONDUCTING BOX� THE PROPOSED EXPERIMENT FOLLOW A METHOD THAT HAVE BEEN USED TO CHARACTERIZE

THE SUPERCONDUCTING TRANSISTOR ;�=� )T CONSISTS OF MEASURING THE MAXIMUM SUPERCURRENT THAT

CAN âOW THROUGH THE CIRCUIT� %VEN THOUGH A TRANSPORT PROPERTY IS NOW PROBED� IT IS STILL A

CHARACTERISTIC OF THE QUANTUM STATE OF THE CIRCUIT� 7E PRESENT PRELIMINARY EXPERIMENTAL RESULTS

ON A CIRCUIT IN WHICH THE ENERGY AND THE LEVEL
WIDTH OF THE çRST EXCITED STATE CAN BE OBTAINED

FROM THE RESONANT REDUCTION OF THE CRITICAL CURRENT IN PRESENCE OF MICROWAVES� 4HE LEVEL
WIDTH

OF THE çRST EXCITED STATE PROVIDES IN THIS SYSTEM A DIRECT MEASUREMENT OF THE DECOHERENCE RATE



#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

OF A PURE CHARGE STATE DUE TO THE COUPLING WITH THE ELECTROMAGNETIC ENVIRONMENT OF THE CIRCUIT�

��� 4HE ÝSELF
DUALÞ CIRCUIT

4HE SIMPLE *OSEPHSON ARRAY THAT WE HAVE CONSIDERED CONSISTS OF TWO SUPERCONDUCTING TRAN


SISTORS IN PARALLEL� WITH THE TWO ISLANDS COUPLED BY A JUNCTION �SEE &IG� ���	� )T HAS TWO ISLANDS�

CONTROLLED BY TWO GATE VOLTAGES� AND TWO SUPERCONDUCTING LOOPS� WHICH CAN ENCLOSE SAME MAG


NETIC âUXES WHEN A MAGNETIC çELD IS APPLIED� )T IS CALLED ÝSELF
DUAL CIRCUITÞ BECAUSE OF THIS

PECULIAR TOPOLOGY �TWO ISLANDS EMBEDDED IN TWO LOOPS	 WHICH PROVIDES A SYMMETRIC DEPEN


DENCE UPON CHARGE AND âUX CONJUGATE VARIABLES� )NDEED� IT IS THE SIMPLEST ONE IN WHICH THE

COMPETITION BETWEEN �D CHARGE QUANTIZATION AND h� âUX QUANTIZATION EdECTS CAN BE INVESTI


GATED� ,AFARGE ET AL� ;�= HAVE çRST CALCULATED THE SPECTRUM OF THIS CIRCUIT AND SHOWN THAT THE

ENERGY BANDS HAVE A SIMILAR DEPENDENCE WITH RESPECT TO BOTH âUX AND GATE CHARGE VARIABLES�

����� #IRCUIT PARAMETERS

7E SUPPOSE THAT THE FOUR EXTERNAL *OSEPHSON JUNCTIONS HAVE THE SAME *OSEPHSON COUPLING

ENERGY $) AND THE SAME CAPACITANCE "� 4HE JUNCTION PARAMETERS ARE ADJUSTED SUCH THAT $)

IS SMALLER THAN THE CHARGING ENERGY $B � D
���"� 4HE CENTRAL *OSEPHSON JUNCTION CAN HAVE A

DIdERENT AREA� AND HENCE A DIdERENT CAPACITANCE " � � Q"� 3INCE ALL THE JUNCTIONS OF A GIVEN

DEVICE HAVE THEIR INSULATING LAYERS FABRICATED SIMULTANEOUSLY� THEY HAVE SIMILAR OXIDE LAYER

THICKNESS �SEE #HAPTER �� !PPENDIX �
%	� 4HEREFORE THE *OSEPHSON COUPLING$
�

)
OF THE CENTRAL

JUNCTION IS NOT AN INDEPENDENT PARAMETER� BUT IS RELATED TO$) AND TO THE GEOMETRIC AREA RATIO

Q THROUGH THE RELATION�

$
�

)

$)

�
" �

"
� Q� ����	

"OTH ISLAND CHARGES AND LOOP âUXES ARE INDEPENDENTLY CONTROLLED RESPECTIVELY BY THE TWO GATE

VOLTAGES 4� AND 4�� AND BY THE APPLIED MAGNETIC âUX h THROUGH THE TWO SYMMETRIC LOOPS�

4HE THREE INDEPENDENTLY CONTROLLED PARAMETERS ARE THEREFORE�

q THE TWO GATE CHARGES �EXPRESSED IN NUMBER OF INDUCED #OOPER PAIRS	 NOTED MF� �

"F�4���D AND MF� � "F�4���D� )T IS CONVENIENT TO INTRODUCE THE SUM -F �
�

�
�MF� 
 MF�� AND

THE DIdERENCE CMF � �

�
�MF� ` MF�� OF THESE TWO VARIABLES�

q THE MAGNETIC âUX h THROUGH EACH LOOP� )TS DIMENSIONLESS REDUCED VALUE IS m � h�h��


 ��� 




Figure 3.1: Schematic diagram of the self-dual circuit.  Small Josephson junctions are

represented by crossed boxes. The circuit has two loops through which a magnetic flux

F  can be applied, two islands polarized by two gate charges ng1 
and ng2. Energy bands

are calculated as a function of the global phase difference d.

Cj,EJng2

ng1

F

d

Cj',E'J
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#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

4HE ISSUE IS TO CALCULATE THE ENERGY SPECTRUM OF THE CIRCUIT AS A FUNCTION OF THE SUPERCONDUCTING

PHASE p ACROSS THE CIRCUIT�

����� 1UANTUM DESCRIPTION OF THE CIRCUIT

7E PERFORM A SIMILAR ANALYSIS AS DONE FOR THE SUPERCONDUCTING BOX �SECTION ���	� 3INCE OUR

SYSTEM IS A TWO
ISLAND DEVICE� THE RELEVANT (ILBERT SPACE THAT ACT AS THE STATE BASIS IS GIVEN BY

THE TENSORIAL PRODUCT JM�� M�I � JM�I l JM�I OF EACH ISLAND CHARGE STATES�

����� 4HE ELECTROSTATIC (AMILTONIAN 'EL

4HE ELECTROSTATIC (AMILTONIAN IS DIAGONAL IN THE CHARGE BASIS AND WRITES�

'
DK

�
8
M��M�

$
M��M�

JM�� M�I HM�� M�J �  ����	

WHERE $
M��M�

IS THE ELECTROSTATIC ENERGY OF A CHARGE CONçGURATION �M�� M��� 4HE EXPRESSION

OF THIS LATTER ENERGY IS OBTAINED BY INVERTING THE CAPACITANCE MATRIX "
HJ

;�=� )T IS A QUADRATIC

FUNCTION OF THE GATE OdSET CHARGES M
F� AND MF��

$
M��M�

� $
B

v
Q 
 �

� �Q 
 ��

b
�M� ` MF��

� 
 �M� ` MF��
�
c



t
�Q

Q 
 �

u
�M� ` MF�� �M� ` MF��

w
� ����	

����� 4HE *OSEPHSON (AMILTONIAN

4HE *OSEPHSON (AMILTONIAN'
)

COUPLES CHARGE STATES WHICH DIdER BY ONE #OOPER PAIR PASSED

THROUGH ONE OF THE JUNCTIONS OF THE CIRCUIT� )TS EXPRESSION IN ABSENCE OF APPLIED MAGNETIC çELD

WRITES�

'
)

� `$)

�

8
M��M�

�
DWO

�
fH
Bp
�

�
JM� f �� M�I HM�� M�J
 DWO

�
gH
Bp
�

�
JM�� M� f �I HM�� M�J

`Q JM� ` �� M� 
 �I HM�� M�J
 G�B�< � ����	

WHERE Bp IS THE OPERATOR ASSOCIATED TO THE SUPERCONDUCTING PHASE DIdERENCE ACROSS THE CIRCUIT�

)N PRESENCE OF A MAGNETIC çELD� THE DIdERENT MATRIX ELEMENTS ACQUIRE EXTRA PHASE FACTORS OF THE

FORM DWO �H�
J

�� WHERE �
J

IS THE PHASE OF JUNCTION OF INDEX J SUCH THAT THE PHASE ACCUMuLATED

AROUND EACH LOOP IS EQUAL TO� m � ���
�

����� %dECTIVE (AMILTONIAN IN A RESTRICTED CHARGE STATE BASIS

!S IN THE CASE OF THE SUPERCONDUCTING BOX (AMILTONIAN� WE RESTRICT THE GATE CHARGE NUMBERS


 ��� 




���

M
F� AND MF� INSIDE THE INTERVAL :�� �< � )N THE CASE $

)
� $

B
� WE HAVE SEEN IN PREVIOUS CHAPTER

�&IG� ���	� THAT QUANTUM âUCTUATIONS ARE LIMITED TO TWO NEIGHBORING CHARGE STATES� 4HERE


FORE THE RESTRICTION OF THE (ILBERT SPACE TO THE SUBSPACE SPANNED BY THE FOUR CHARGE STATES�

J�� �I � J�� �I � J�� �I � J�� �I IS SUbCIENT TO DETERMINE THE FOUR LOWEST ENERGY STATES�

7E ASSUME THEN THAT OUR EXPERIMENT WILL PROVIDE A LOW IMPEDANCE ENVIRONMENT SUCH THAT

THE PHASE DIdERENCE p IS A GOOD QUANTUM NUMBER AND BECOMES A SIMPLE PARAMETER IN THE

(AMILTONIAN� )N THIS RESTRICTED BASIS� AT ZERO MAGNETIC çELD THE TOTAL (AMILTONIAN' � '
DK

'

)

HAS THEN THE FOLLOWING MATRIX FORM�

' �

�
"" 

$�� `Y$
)
�� `Y$

)
�� �

`Y$
)
�� $�� `Q$

)
�� `Y$

)
��

`Y$
)
�� `Q$

)
�� $�� `Y$

)
��

� `Y$)�� `Y$)�� $��

�
##! � ����	

WHERE Y � DWO �Hp���� 4HE EIGENSTATES AND THE EIGENENERGIES CAN BE OBTAINED BY PERFORMING

A DIRECT NUMERICAL DIAGONALIZATION� 4HE SUPERCURRENT CARRIED BY A GIVEN EIGENSTATE H IS THEN

OBTAINED FROM THE (AMILTON EQUATION�

(
H
�
�

�
�

�$H�p�

�p
� ����	

!LTHOUGH THESE NUMERICAL CALCULATIONS DO DETERMINE THE SUPERCURRENT CARRIED BY THE DIdERENT

EIGENSTATES� THEY DO NOT PROVIDE A SATISFACTORY UNDERSTANDING OF THE PARAMETERS WHICH CONTROL

ITS AMPLITUDE� ! BETTER PHYSICAL INSIGHT IN THE BAND STRUCTURE IS OBTAINED FROM AN ANALOGY

WITH A SYSTEM OF COUPLED SPINS�

����� %dECTIVE SPIN (AMILTONIAN

!S IN THE CASE OF THE SUPERCONDUCTING BOX� IT IS CONVENIENT TO INTRODUCE çCTITIOUS SPINS ����

)N THE RESTRICTED CHARGE STATE BASIS� WE ASSOCIATE TWO PSEUDO
SPINS ]R� AND ]R� TO THE ISLANDS �

AND � RESPECTIVELY �SEE &IG ���	� 4HE CHARGE OPERATORS ARE OBTAINED FROM THE RESPECTIVE 0AULI

MATRICES }
Y� AND }Y� BY A SIMPLE TRANSLATION�

BM� � �}
Y� 
 �� �� ����	

BM� � �}
Y� 
 �� ���

7E NOW INTRODUCE THE TOTAL SPIN ]2 � ]R� 
 ]R�� 4HE EXPRESSION OF BOTH *OSEPHSON AND

(AMILTONIANS CAN BE EXPRESSED AS A FUNCTION OF THE SPIN OPERATORS�


 ��� 




S1

S2

S

d

E
Is=0

hn
0

(ng1=ng2=e)

Symmetric state

Antisymmetric state

Figure 3.3: Energy bands of the ground state and the first excited state for gate charges

equal to e and zero magnetic field, as a function of the phase difference d. The critical

current of the circuit in a given state is proportional to the maximum slope of the

associated energy band. The ground state correspond to a symetric state for the total spin

S whereas the first excited state with zero critical current is antisymmetric. In the strong

damping limit, the state can be modeled by a classical particle at the bottom of the

washboard potential formed by the fundamental band. The energy difference DE to the

first excited state is well defined and a photon of frequency n0=E0 /h can induce an

interband transitions.

Figure 3.2: Self-dual circuit in a restricted space.  Each island (grayed areas) behaves as

an effective spin 1/2. Eigenstates of the system will be indexed as a function of the

quantum state of the sum S of the two spins which represents the state of the "macro-

island" (dashed area).
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4HE EIGENSTATES OF THE TOTAL SPIN 2 PROVIDE A BETTER BASIS TO DISCUSS THE BAND STRUCTURE�

������A 4HE TOTALLY SYMMETRIC CASE

4HE ABOVE EXPRESSION HAS A SIMPLE FORM IN THE CASE OF A SYMMETRIC POLARIZATION� MF� � MF�

�I�E� FOR CM
F
� �� AND ZERO MAGNETIC FRUSTRATION �I�E� m � ��� 4HE TOTAL (AMILTONIAN CAN

BE EXPRESSED AS A FUNCTION OF THE TOTAL SPIN OPERATORS ONLY� 4HE TOTAL SPIN 2 BECOMES THUS

A GOOD QUANTUM NUMBER� AND THE DIAGONALIZATION CAN BE DONE SEPARATELY IN THE SUB
SPACE

2 � �� WHICH CONTAINS THE SINGLE STATE J2 � �� 2
Y
� �I AND IN THE SUB
SPACE 2 � �� SPANNED

BY THE THREE STATES J2 � �� 2
Y
� ��f�I � 4HE SUB
MATRIX REPRESENTING THE (AMILTONIAN IN EACH

OF THESE SUB
SPACES IS OBTAINED BY APPLYING THE 7IGNER
%CKART THEOREM� 4HIS THEOREM STATES

THAT ALL THE OPERATORS WHICH ARE TRANSFORMED IN THE SAME WAY IN A ROTATION ARE PROPORTIONAL IN

EACH SUBSPACE� )N THE PARTICULAR SUBSPACE 2 � �� ALL SPIN TERMS VANISH� 4HE STATE J2 � �� �I IS
THUS AN EIGENSTATE WITH AN ENERGY INDEPENDENT OF THE PHASE p� 4HEREFORE� THIS STATE J2 � �� �I
CANNOT SUSTAIN A SUPERCURRENT �SEE &IGS� ��� AND ���	� /NE CAN GIVE A SIMPLE PHYSICAL IN


TERPRETATION FOR THAT PROPERTY� THE EdECTIVE *OSEPHSON COUPLING BETWEEN THE CIRCUIT ELEC


TRODES IS ZERO IN THIS STATE BECAUSE IT IS MEDIATED THROUGH AN ANTISYMMETRIC COMBINATION

J2 � �� �I � �O
�
�J�� �I ` J�� �I� OF THE TWO EQUIVALENT MACRO
ISLAND STATES� WHICH CONTRIBUTE

WITH THE SAME AMPLITUDE AND THEREFORE CANCEL� )N THE SYMMETRIC 2 � � SUBSPACE� THE (AMIL


TONIAN REDUCES TO THE (AMILTONIAN OF A SPIN IN A MAGNETIC çELD� LYING IN THE WY PLANE� AND

SUBJECT TO A QUADRUPOLAR PERTURBATION PROPORTIONAL TO 2�

Y
� 4HE THREE CORRESPONDING ENERGY

BANDS ARE THEN OBTAINED BY SOLVING ANALYTICALLY THE EIGENVALUE EQUATION�

������B� -ODEL OF AN (EISENBERG (AMILTONIAN

)F ONE NOW EXAMINES CLOSELY THE SPIN ANALOGY IN THE PARTICULAR CASE OF A SYMMETRIC CHARGE

AND âUX FRUSTRATION� �I�E� � -
F
� �

�
� CM

F
� �� m � {� THEN ONE CAN SHOW THAT THE TOTAL

(AMILTONIAN REWRITES�

' � '
)

'

DK

�
Q

� 
 Q
$

B
2�

Y

 $

)

Q

�

`
2� ` �`2�

Y

a
�����	
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#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

)f ONE CHOOSES A PARTICULAR SET OF PARAMETERS SUCH THAT�

Q � �� $
B
� $

)
�  �����	

ONE HAS THE DRAMATIC SIMPLIçCATION �

' �
$

B

�

`
2� ` �a � $

B

�̀
2� �
�̀
2� � �����	

4HE TOTAL (AMILTONIAN TAKES THEN THE FORM OF AN (EISENBERG
LIKE ANTIFERROMAGNETIC (AMIL


TONIAN FOR THE TWO PSEUDO
SPIN ����

������C� 'ENERALIZATION TO *OSEPHSON ARRAYS

/NE CAN THEREFORE EASILY SEE THAT THE RESULT OBTAINED IN THE PREVIOUS SECTION� REMAINS VALID

FOR MORE COMPLEX CIRCUITS SUCH AS *OSEPHSON ARRAYS FORMED BY A SERIES OF THREE
JUNCTION LOOPS�

5NDER THE SAME SET OF ÝFRUSTRATINGÞ PARAMETERS� SUCH CIRCUITS ARE THEN GOOD CANDIDATES FOR

MODELLING (EISENBERG TRIANGULAR SPIN LADDERS ;�= SINCE BY GENERALIZING THE PREVIOUS RESULT� WE

FOUND THAT THEY OBEY TO THE FOLLOWING (AMILTONIAN�

' � $
B

8
GH�IH

�̀
2

H
�
�̀
2

I
�

WHERE THE SYMBOL HH� II DENOTES THE INDEXES OF NEIGHBORING ISLANDS LINKED BY A *OSEPHSON

JUNCTION�

��� 0RINCIPLE OF THE EXPERIMENT

����� -EASUREMENT OF THE SWITCHING CURRENT

!S INTRODUCED IN PREVIOUS CHAPTER �PAGE ���	� SUCH CIRCUITS BEHAVES AS AN EdECTIVE *OSEPHSON

JUNCTION WHICH PARAMETERS ARE TUNED BY THE GATE CHARGES AND OPTIONALLY BY THE MAGNETIC

âUXES IN THE LOOPS� 4HUS THE DYNAMICS OF THE CIRCUIT IS SIMILAR AS THOSE OF A SINGLE *OSEPHSON

JUNCTION� 7E OPERATE THE CIRCUIT IN A CURRENT
BIASED MODE� 4HE STATE OF THE EdECTIVE *OSEPHSON

JUNCTION AS A FUNCTION OF THE PHASE p ACROSS THE JUNCTION CAN BE REPRESENTED AS A PARTICLE

TRAPPED IN A DASHBOARD POTENTIAL ;�=� 4HE CURRENT FORCED THROUGH THE JUNCTION IS EQUIVALENT

TO AN INCREASE IN THE AVERAGE SLOPE �3EE çG� ���	� 7HEN THE CURRENT EXCEEDS A CERTAIN VALUE

CALLED ÝSWITCHING CURRENTÞ� THE PARTICLE RUNS AWAY DOWN THE TILTED POTENTIAL� !CCORDING TO THE
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&IGURE ���� 4HE DYNAMICS OF THE CURRENT
BIASED CIRCUIT IS ANALOGOUS TO A PARTICLE IN A TILTED
WASHBOARD POTENTIAL� 4HE TILT IS PROPORTIONAL TO THE BIAS CURRENT (� ,EFT� &OR WEAK BIAS CURRENTS�
THE PARTICLE IS TRAPPED IN THE BOTTOM OF THE WELL� #ENTER � WHEN THE POTENTIAL IS TILTED OVER A
CRITICAL VALUE CORRESPONDING TO THE SO
CALLED SWITCHING CURRENT (R� THERMAL âUCTUATIONS MAKE THE
PARTICLE ESCAPE FROM THE WELL� ! PHASE DRIFT IS THEN OBSERVED LEADING TO A çNITE VOLTAGE ACROSS
THE CIRCUIT� 2IGHT� &OR A BIAS CURRENT EQUALLING THE CRITICAL CURRENT (��NOMETASTABLE MINIMum
is FOUND� 7ITH AN ELECTROMAGNETIC ENVIRONMENT PROVIDING A LARGE DAMPING LIMIT� âUCTUATIONS
OF PHASE ARE REDUCED AND (R IS CLOSE TO (��

*OSEPHSON EQUATION� ^

�D
�p��S � 5 � A PHASE SHIFT LEADS TO A çNITE VOLTAGE ACROSS THE CIRCUIT�

)N THE HIGH
DAMPING LIMIT� PHASE âUCTUATIONS OF THE PARTICLE IN THE BOTTOM OF THE WELL ARE

DAMPED SUCH THAT THE SWITCHING CURRENT IS CLOSE TO THE CRITICAL CURRENT �I�E� THE HIGHEST CURRENT

FOR WHICH NO METASTABLE MINIMA IN THE TILTED POTENTIAL ARE FOUND	�

����� 2ESONANT SUPPRESSION OF THE SWITCHING CURRENT

7E HAVE SEEN IN ������A THAT� FOR A GIVEN SET OF PARAMETERS� THE çRST EXCITED STATE HAS NO

PHASE DEPENDENCE THUS LEADING TO A ZERO CRITICAL CURRENT� !CTUALLY THE LARGE DIdERENCE BETWEEN

THE CRITICAL CURRENT OF THE GROUND STATE AND AN EXCITED STATE IS A GENERIC FEATURE WHICH PERSISTS

FOR A WIDE RANGE OF VALUES OF -F AND CMF� 4HE OPERATING PRINCIPLE OF THE EXPERIMENT IS TO USE

THIS DIdERENCE TO PROBE THE LEVEL SPECTRUM� !PPLYING A SMALL RADIO
FREQUENCY COMPONENT TO

ONE OF THE GATE CHARGES CAN INDEED INDUCE A TRANSITION FROM THE GROUND STATE TO AN EXCITED

STATE �SEE &IG� ���	� )F THIS STATE CANNOT SUSTAIN A LARGE ENOUGH SUPERCURRENT� SUCH A TRANSITION

RESULTS IN A ÝSWITCHING EVENTÞ TO THE QUASIPARTICLE BRANCH UNLESS THE RELAXATION TO THE GROUND


STATE IS TOO FAST �SEE &IG� ���	� 4HE PROPOSED EXPERIMENT THUS CONSISTS IN çNDING A RESONANT

SUPPRESSION OF THE SWITCHING CURRENT� 4HE &IGURE ��� SHOWS THE EXPECTED DEPENDENCE OF THE
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symmetric antisymmetric

Figure 3.5.  Sketch of the expected I-V characteristics of the "self-dual" circuit.

left: in the symmetric ground state, a finite switching current is observed.

right: in the antisymmetric excited state, the energy band is phase independent and no

supercurrent should therefore be observed.

Is

n
0

n

Dn
0

Figure 3.6: Expected dependence of the switching current Is for ng1=ng2=e, f=0 as a

function of the microwave frequency n applied on the gate electrode. The ground state

corresponds to the symmetric state with a finite switching current. The switching current

is suppressed when photons emitted by the gate induce a transition to the first excited

state. The width Dn0
 of this resonance provides an estimate of the life-time of this

excited state.
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SWITCHING CURRENT AT THE BEST WORKING POINTS DEçNED BY -F � ��� �LNC��� CMF � � AND m��

�LNC ��� 4HE SWITCHING CURRENT IS COMPLETELY SUPPRESSED WHEN THE MICROWAVE SIGNAL ON THE

GATE INDUCES A TRANSITION TO THE çRST EXCITED STATE�

����� 2ESONANCE LINEWIDTH

,IKE IN THE SUPERCONDUCTING BOX� THE LIFE
TIME OF AN EXCITED STATE IS LIMITED BY THE COU


PLING TO THE DISSIPATIVE ELECTROMAGNETIC ENVIRONMENT� 4HE TRANSITION BETWEEN THE TWO STATES

OF THE SELF
DUAL CIRCUIT THAT WE CONSIDER� HAS HOWEVER THE PECULIARITY TO BE INSENSITIVE TO THE

ELECTROMAGNETIC ENVIRONMENT� PROVIDED THAT THE FOUR EXTERNAL JUNCTIONS ARE EXACTLY BALANCED�

4HIS DECOUPLING EdECT IS DUE TO THE FACT THAT THE TRANSFER OF A #OOPER PAIR THROUGH THE CEN


TRAL JUNCTION DOES NOT RESULT IN A CHARGE TRANSFER IN THE EXTERNAL CIRCUIT� 4HE TRANSITION IS IN

SOME SENSE ÞORTHOGONALÞ TO THE ENVIRONMENTAL DEGREES OF FREEDOM� )N OTHER WORDS THE ANTI


SYMMETRIC QUANTUM STATE �O
�
�J�� �I ` J�� �I� IS EXPECTED TO DECAY RELATIVELY SLOWLY� )N THE CASE

OF IMPERFECTLY BALANCED CIRCUITS� THE LINEWIDTH IS OF ORDER OF �a"�"��$)1�1*� WHERE a"�"

IS THE UNBALANCE FACTOR AND1 THE EdECTIVE ENVIRONMENT IMPEDANCE AT THE RESONANCE FREQUENCY�

/THER EdECTS COULD HOWEVER CONTRIBUTE TO THE EXPERIMENTAL LINEWIDTH� )N PARTICULAR� THE âUC


TUATIONS OF THE PHASE ACROSS THE WHOLE CIRCUIT DUE TO THE IMPERFECT PHASE
BIAS COULD INDUCE A

BROADENING OF THE TRANSITION WHOSE FREQUENCY DEPENDS ON THE PHASE �SEE &IG� ���	�

��� $EPENDENCE OF THE CRITICAL CURRENT ON THE GATE
CHARGES

4HE PROPOSED EXPERIMENT REQUIRES TO PLACE THE CIRCUIT IN THE VICINITY OF THE BEST WORKING

POINTS �WHITE DOTS IN &IG� ���	� 4HE LOCATION OF THESE POINTS CAN BE DEDUCED FROM THE ANALYSIS OF

THE VARIATIONS OF THE CRITICAL CURRENT (B �MF�� MF�� WITH THE GATE CHARGES� ! PLOT OF (B �MF�� MF��IS

GIVEN IN &IG� ��� FOR THE SET OF PARAMETERS $) � $B���� )T DISPLAYS SHARP WEDGES THAT CAN

BE QUALITATIVELY UNDERSTOOD BY NOTICING THAT OUR CIRCUIT IS EQUIVALENT� FROM THE ELECTROSTATIC

POINT OF VIEW� TO ANOTHER WELL
KNOWN TWO
ISLAND CIRCUIT� THE THREE JUNCTION ÝSINGLE ELECTRON

PUMPÞ ;�= �SEE &IG� ���	� 4HE ELECTROSTATIC STABILITY DIAGRAM OF THE PUMP CONçGURATIONS IN

THE �MF�� MF�� PLANE CONSISTS OF HEXAGONAL CELLS WHOSE BOUNDARIES CORRESPOND TO THE EQUALITY

CONDITION BETWEEN THE ELECTROSTATIC ENERGIES OF TWO NEIGHBORING CHARGE STATES ;�=� )N THE CASE

WHERE $) AND $ �

)
ARE SMALLER THAN $B� THE CRITICAL CURRENT IS EXPECTED TO BE LARGE ONLY IN THE
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Figure 3.7. Schematics of equivalent capacitance arrays for the electrostatic description of

the self-dual circuit.

Top: Self-dual circuit for which all junctions have been replaced by their effective

capacitances. Lead extremities are grounded.

Middle: equivalent representation of the circuit obtained by splitting the grounded leads.

Bottom: equivalent representation obtained by simplifying the above circuit. It corresponds to

the electrostatic representation of a 3-junction pump.
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Figure 3.8. Stability diagram of the island charge states (n1,n2) as a function of the gate charges,

obtained by minimizing the electrostatic energy, for the specific case C'=2C. The hexagonal cell

boundaries delimit two neighboring charge states with degenerate charging energies. The domain

for which the critical current is appreciable forms a checkered pattern (gray zones). The

resonance experiment is best performed in the vicinity of white dots.

Figure 3.9. Critical current of the self-dual circuit as a function of the two gate charges numbers

ng1 and ng2. It has been computed in the case of a small Josephson coupling equal to one tenth of

the charging energy. The critical current is appreciable along the hexagonal cell boundaries and is

maximum at the triple points.

(0,0) (1,0)

(0,1)
(1,1)

(0,-1)

(-1,0)

(1,-1)

ng1

1

11
2

1
2

ng2

- 141 -



#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

VICINITY OF THE CELL BOUNDARIES� AND TO BE MAXIMUM AT THE TRIPLE POINTS OF THE HEXAGONAL TILING�

4HIS QUALITATIVE PREDICTION IS CONçRMED BY THE NUMERICAL CALCULATIONS SHOWN IN &IG� ����

��� 0RELIMINARY EXPERIMENTAL RESULTS

4HE EXPERIMENTAL SET
UP IMPLEMENTING THE EXPERIMENT IS SHOWN IN &IG� ����� TOGETHER WITH

A MICROGRAPH OF A TYPICAL SAMPLE �&IG� ����	� 4HE DESIGN OF THE 2# ELECTROMAGNETIC ENVIRON


MENT HAS BEEN OPTIMIZED FOR THE MEASUREMENT OF THE SWITCHING CURRENT �SEE CHAPTER �� SECTION

�����	� 7E HAVE OBTAINED WITH THIS HIGH DAMPING DESIGN A RATIO BETWEEN THE MEASURED SWITCH


ING CURRENT AND THE ESTIMATED MAXIMUM CRITICAL CURRENT HIGHER THAN ���� WHICH PROVES THAT

THE PHASE
BIAS APPROXIMATION IS A GOOD APPROXIMATION ;�=� )N THIS REGIME� THE VARIATIONS OF

THE SWITCHING CURRENT CLOSELY REPRODUCE THOSE OF THE CRITICAL CURRENT� (OWEVER IT REMAINS A

STOCHASTIC VARIABLE CHARACTERIZED BY A SWITCHING PROBABILITY� !N EXAMPLE OF ( ` 5 CHARACTER


ISTICS WITH A LARGE SWITCHING CURRENT IS SHOWN IN &IG ����� !LTHOUGH WE COULD NOT YET OBSERVE

THE PREDICTED RESONANCE� WE WERE ABLE TO PROVE THAT THE SWITCHING CURRENT MEASUREMENT CAN

BE IMMUNE TO RESIDUAL QUASIPARTICLES�

����� Ý/DD�EVENÞ STATES

!S MENTIONED IN THE PREVIOUS CHAPTER� MANY SUPERCONDUCTING BOX EXPERIMENTS FAILED BE


CAUSE OF THE ÝPOISONINGÞ BY QUASIPARTICLES WHICH GIVE ACCESS TO CHARGE STATES WITH AN ODD

NUMBER OF EXTRA ELECTRONS IN THE ISLAND� 4HE BOX EXPERIMENT IS VERY SENSITIVE TO SUCH ÝODDÞ

CHARGE STATES BECAUSE IT IS A QUASI
STATIC EXPERIMENT� 4HE EXPERIMENT DISCUSSED IN THIS CHAPTER

IS ALSO SENSITIVE TO THESE ÝODDÞ
STATES� BUT UNLIKE THE BOX EXPERIMENT� MEASURING THE SWITCH


ING CURRENT IS A DYNAMIC MEASUREMENT WHICH ALLOWS TO PROBE THE CIRCUIT OVER A SHORTER AND

TUNABLE TIME
SCALE�

����� -EASUREMENT OF THE LIFE
TIME OF THE ODD�EVEN CHARGE STATES

������A� SWITCHING CURRENT STATISTICS

7E HAVE MEASURED THE SWITCHING HISTOGRAMS OF THE CIRCUIT WHEN THE BIAS CURRENT IS RAMPED

AT A CONSTANT RAMP RATE C(�CS� &OR A GIVE GATE CHARGE NUMBER� WE COMMONLY OBSERVED A

DOUBLE BUMPED HISTOGRAM� AS SHOWN IN THE TOP PANEL OF &IG� ����� THAT WE ATTRIBUTE TO THE

SEPARATE SWITCHING OF ODD AND EVEN STATES� 7HEN WE VARY THE GATE CHARGE NUMBER MF�� WE
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Figure 3.11. Scanning electron micrograph of a self-dual circuit fabricated using the

multilayer technique described in part 6.5. It corresponds to the grayed frame in the set-

up diagram shown above. It is composed of three conductive layers : the first gold layer

implements the gate electrodes (dark fingers on top and bottom of the picture). The

second gold circuitry layer separated from the bottom
 

one by half-micron thick

insulating silicon nitride layer acts for
 
the bias serial resistances Rs (lateral fingers)

for one part and shields the two gate lines (bright areas at top and bottom of the

picture) for the other part. The top layer containing the Josephson junctions is

fabricated by e-beam lithography and is directly connected on the second gold layer. It is

aligned over the gate electrodes  (see fabrication details in Chapter 6).

Figure 3.10: Schematics of the experimental set-up of a current biased self-dual circuit

with a controlled electromagnetic environment. On-chip capacitances C and resistances

Rs close to the Josephson junctions place the circuit in the high damping limit. Gate

electrodes are buried under a shielding ground plane: One of them irradiates microwaves

on the circuit in order to induce interband transitions. Numbered dots refer to the

connection in the sample holder already shown in Fig. 2.25.
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Figure 3.12. Experimental I-V characteristic of the self-dual circuit, measured at 20 mK.

The circuit switches to the finite voltage branch at the switching current Is, which has an

average value reaching 80% of the Ambegaokar-Baratoff prediction for the critical current.
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Figure 3.13. Measured switching current distributions as a function of the gate charge number

ng1, for different ramp rates.

Top panel show a density plot performed for the lowest ramp rate (di=dt=10-7A=s), dark areas

correspond to the highest probability of switching. One observes two interlaced current bands

which are both 2e-periodic. One is associated to charge states contaminated with a single

quasiparticle while the other is free from contamination. For these low frequency sweeps, the

circuit prefers to switch for the lowest current available whatever the band. As we increase the

sweep frequency, the probability of switching continuously evolves (middle panel, medium rate

di=dt=10-6A=s) and finally favors one of the current bands, probably the even state band (bottom

panel).
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#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

COULD OBSERVE TWO INTERLACED �D
PERIODIC CURRENT BANDS� EACH ONE BEING SHIFTED BY D �SEE

&IG� ����	� ,AFARGE ET AL� ;�= HAVE ALSO OBSERVED SUCH AN EVEN�ODD DEPENDENCE AND DOUBLE

BUMPED HISTOGRAMS FOR THE SWITCHING CURRENT IN SAME CIRCUITS BUT ITS DEPENDENCE ON THE RAMP

RATE WAS NOT STUDIED�

7E NOW SHOW HOW A SIMPLE DYNAMIC MODEL CAN REPRODUCED THE EVOLUTION OF THE SWITCHING

HISTOGRAM WHEN THE RAMP RATE C(�CS IS VARIED�

������B� INTERPRETATION USING A PHENOMENOLOGICAL DYNAMIC MODEL

7E ASSUME THAT THE ISLAND CAN BE FOUND IN AN EVEN STATE @ WITH PROBABILITY O
@
� AND IN

AN ODD STATE A WITH PROBABILITY O
A
� 4HESE TWO STATES HAVE DIdERENT LIFETIMES ~

@
AND ~

A
� AND

DIdERENT SWITCHING RATES `
@
AND `

A
WHICH DEPEND ON THE BIAS
CURRENT (� 4HE TOTAL SWITCHING

RATE IS ` � `
@
O
@

 `

A
O
A
�

tb ta

Ga

Gb

a

b

a

b

t

tb

Is

ta

1 1

&IGURE ����� 4OP� TIME EVOLUTION OF THE ISLAND STATES� 4HE SYSTEM HOPS BETWEEN STATE A AND
STATE B�
"OTTOM� $YNAMIC MODEL FOR THE SWITCHING� /NE STATE CAN DECAY IN TWO WAYS� EITHER BY HOPPING
TO THE OTHER STATE� OR BY SWITCHING TO THE çNITE VOLTAGE BRANCH�

)N A GIVEN STATE� THE SYSTEM CAN EVOLVE EITHER BY HOPPING TO THE OTHER STATE OR BY SWITCHING�

4HE EVOLUTION OF THE PROBABILITIES O
@
AND O

A
DURING A BIAS
CURRENT SWEEP (�S� IS THEN GOVERNED
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���

BY THE EQUATIONS �SEE &IG� ����	�
�����
����

CO
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` `
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�(�S�� O

A

�����	

7E CHOOSE FOR THE SWITCHING RATES AN !RRHENIUS
LIKE LAW�

` �$� �  D! �����	

IN WHICH THE EXPONENT ! INCREASES WITH THE BIAS
CURRENT� !S A çRST ORDER APPROXIMATION�

WE ASSUME THAT THE EXPONENT ! DEPENDS LINEARLY ON THE CURRENT (� .OTE THAT THE SWITCHING

PROCESS IS AN OUT
OF
EQUILIBRIUM PROCESS MORE COMPLEX THAN THE THERMALLY ACTIVATED ESCAPE

OUT OF A POTENTIAL WELL� 7ITHIN THIS PHENOMENOLOGICAL APPROACH� THE SWITCHING RATES IN THE

TWO STATES @ AND A TAKE THE FOLLOWING FORM�
����
���

`
@
�(� � `�

@
DWO
H

(

w@

I

`
A
�(� � `�

A
DWO
H
(

w
A

I �����	

3UCH AN EXPONENTIAL DEPENDENCE OF THE SWITCHING RATE WITH THE BIAS
CURRENT HAS BEEN OBSERVED

IN SMALL *OSEPHSON JUNCTIONS ;�=� 7E HAVE SOLVED THESE EQUATIONS NUMERICALLY USING THE ABOVE

EXPRESSIONS� 3WITCHING HISTOGRAMS OBTAINED BY SOLVING THE DIdERENTIAL EQUATIONS �%Q� ����	

ARE SHOWN IN THE BOTTOM PANEL OF &IG� ����� 4HE MODEL REPRODUCES WELL THE EVOLUTION OF THE

HISTOGRAM SHAPE WITH THE RAMP RATE� !T LOW RAMP RATE� THE SYSTEM HAS TIME TO EXPLORE THE TWO

STATES DURING THE CURRENT RAISE TIME� THE SWITCHING OCCURS IN THE LOWEST SWITCHING CURRENT BAND�

LEADING TO A SINGLE BUMP HISTOGRAM� 4HE GLOBAL PATTERN IS THEN E
PERIODIC !T LARGE RAMP RATES�

THE SYSTEM DOES NOT HAVE TIME TO HOP TO ANOTHER STATE DURING THE CURRENT RISE
TIME� 4HEREFORE

THE CURRENT PROBE SEES A ÝFROZEN SYSTEMÞ� THE HISTOGRAMS BECOMES SHARP �&IG� ���� TOP	 AND

THEIR RELATIVE WEIGHTS REPRODUCE THE RATIO OF POPULATION O
@
�O

A
� 4HIS IS FURTHER CONçRMED IN

THE &IG� ���� BOTTOM PANEL� THE SWITCHING MAINLY OCCURS IN THE MOST POPULATED BAND� WHICH

IS EXPECTED TO CORRESPOND TO THE EVEN STATE� 4HE OVERALL AGREEMENT BETWEEN THE MEASURED

HISTOGRAMS AND THE CALCULATED ONES USING OUR SIMPLE MODEL GIVES CONçDENCE IN THE TWO STATE

HYPOTHESIS� 7E CAN DEDUCE FROM THIS COMPARISON THE AVERAGE LIFE
TIME ~
@
WHICH EQUAL ABOUT

� MS� AND THE POPULATION RATIO O
@
�O

A
{ ���� 7E ATTRIBUTE THE GLOBAL SHIFT OF THE MEASURED
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#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

HISTOGRAMS TOWARDS LARGER CURRENTS WHEN THE RAMP RATE IS INCREASED� TO THE çNITE BANDWIDTH

OF THE BIASING AND MEASURING CIRCUITRY� !LTHOUGH THE PRESENT EXPERIMENT IS STILL PLAGUED WITH

QUASIPARTICLES� MEASURING THE SWITCHING CURRENT WITH A LARGE ENOUGH RAMP RATE ALLOWS TO GET

RID OF THIS SPURIOUS EdECT�

/NE HAS TO NOTICE THAT SUCH A ÝQUASIPARTICLE POISONINGÞ AT LOW TEMPERATURE HAS BEEN ALSO

REPORTED FOR THE SUPERCONDUCTING TRANSISTOR AS REPORTED BY *OYEZ ET AL� ;�=� (OWEVER THEY DID

NOT OBSERVE SUCH TWO
BUMPED HISTOGRAMS� PROBABLY BECAUSE OF THE LARGE DIdERENCE BETWEEN

ODD AND EVEN STATE SWITCHING CURRENTS�

����� %dECT OF THE MICROWAVE IRRADIATION

7E ALWAYS HAVE OBSERVED A REDUCTION OF THE SWITCHING CURRENT WHEN A SUbCIENTLY LARGE

MICROWAVE SIGNAL WAS APPLIED ONTO ONE GATE� !T HIGHER LEVELS� WE HAVE OBSERVED 3HAPIRO

STEPS ON THE )
6 CHARACTERISTIC� (OWEVER� WE COULD NOT OBSERVE A RESONANT SUPPRESSION OF THE

SWITCHING CURRENT BECAUSE THE TRANSITION FREQUENCY WAS HIGHER THAN THE MICROWAVE LINE CUT
Od

FREQUENCY�

3INCE THIS WORK HAS BEEN PERFORMED� A GROUP AT 3TONY "ROOK ;��= HAS OBSERVED SUCH IN


TERBAND TRANSITIONS IN THE SUPERCONDUCTING TRANSISTOR� 5SING A SIMILAR TECHNIQUE BASED ON THE

REDUCTION OF THE CRITICAL CURRENT� THEY HAVE MEASURED THE BAND GAP FOR THAT SYSTEM AND FOUND

IT IN GOOD AGREEMENT WITH THE THEORETICAL PREDICTION�
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Figure 3.15.  Top: Experimental histograms of the switching current Is measured at 20  mK for

increasing ramp rates. the histograms were measured for the gate charge corresponding to the

vertical line in fig. 3.13.

Bottom: Corresponding switching currents calculated with the phenomenological dynamic

model discussed in the text.
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#HAPTER � 1UANTUM COHERENCE IN A SMALL SUPERCONDUCTING ARRAY

#ONCLUSION

4HE SELF
DUAL CIRCUIT IS A PROMISING CANDIDATE FOR A MACROSCOPIC QUANTUM COHERENCE TYPE

EXPERIMENT� )N PARTICULAR� WE HAVE FOUND THAT THE SWITCHING CURRENT MEASUREMENT IN THIS

CIRCUIT IS MORE IMMUNE TO SPURIOUS QUASIPARTICLES THAN THE ISLAND CHARGE MEASUREMENT IN THE

SUPERCONDUCTING BOX� "Y USING SAMPLES WITH A SUITABLE 2# ENVIRONMENT� AND BY APPLYING

LARGE BIAS CURRENT RAMP
RATES� WE COULD MEASURE THE SWITCHING CURRENT IN THE QUASIPARTICLE
FREE

LOWEST ENERGY BAND�
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#HAPTER �

%NVIRONMENTAL #OULOMB BLOCKADE OF
THE *OSEPHSON EdECT

)NTRODUCTION

4HE THEORY OF SINGLE ELECTRON TUNNELING ;�= SHOWS THAT THE CONDUCTANCE OF A SMALL NORMAL


METAL TUNNEL JUNCTION IS NOT A PROPERTY OF THE JUNCTION ITSELF� BUT DEPENDS ALSO ON THE ELECTRO


MAGNETIC ENVIRONMENT IN WHICH THE JUNCTION IS EMBEDDED� )N PARTICULAR� IF ONE CONSIDERS AN

OPAQUE TUNNEL JUNCTION �H�D� 13 � G�D� � 1*	� A LARGE REDUCTION OF THE CONDUCTANCE AT LOW

VOLTAGES IS OBSERVED FOR AN ELECTROMAGNETIC ENVIRONMENT WHOSE IMPEDANCE9��� IS LARGE COM


PARED TO THE RESISTANCE QUANTUM OVER A SUbCIENTLY WIDE FREQUENCY RANGE� 4HIS PHENOMENON IS

KNOWN AS THE ÝENVIRONMENTAL #OULOMB BLOCKADEÞ OF SINGLE ELECTRON TUNNELING �SEE &IG� ���� TOP

PANEL	� /NE CAN WONDER IN A SIMILAR WAY WHETHER THE PROPERTIES OF A SMALL *OSEPHSON JUNCTION

�H�D� A SMALL JUNCTION WITH SUPERCONDUCTING ELECTRODES	 ARE AdECTED BY THE ELECTROMAGNETIC

ENVIRONMENT OF THE JUNCTION� -ORE PRECISELY� THE ISSUE IS TO CALCULATE THE SUPERCURRENT âOW

THROUGH A *OSEPHSON JUNCTION PLACED IN AN ARBITRARY ELECTROMAGNETIC ENVIRONMENT� DOES AN

ÝENVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EdECTÞ EXIST�

4O ANSWER THIS QUESTION� ONE HAS TO CONSIDER THE WHOLE ELECTRICAL CIRCUIT� WHICH CONSISTS

OF THE *OSEPHSON JUNCTION AND ITS ELECTROMAGNETIC ENVIRONMENT� AS A QUANTUM SYSTEM AND



#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

DETERMINE ITS EIGENSTATES� 4HE SUPERCURRENT THAT CIRCULATES THROUGH THE JUNCTION AND OTHER

MEASURABLE QUANTITIES WILL BE THEN DEDUCED FROM THE EIGENSTATE ENERGIES�

��� 1UANTUM DESCRIPTION OF THE CIRCUIT

7E çRST EXPLAIN HOW THE (AMILTONIAN FORMALISM CAN BE APPLIED TO SUCH CIRCUITS�

����� 1UANTUM REPRESENTATION OF A *OSEPHSON JUNCTION

4HE *OSEPHSON JUNCTION ITSELF IS MODELLED AS A PURE *OSEPHSON ELEMENT �CONVENTIONALLY

REPRESENTED IN DIAGRAMS BY A CROSS� SEE &IG� ���� RIGHT PANEL	 IN PARALLEL WITH THE CAPACITANCE

" FORMED BY THE ELECTRODES FACING EACH OTHER AT THE JUNCTION�

EJ

CQC

Q
J

S
S

&IGURE ���� ,EFT� SKETCH A *OSEPHSON JUNCTION� 4WO SUPERCONDUCTING ELECTRODES ARE SEPARATED
BY A THIN INSULATING LAYER �z � NM	 THROUGH WHICH #OOPER PAIRS TUNNEL�
2IGHT� EQUIVALENT DIPOLE FOR THE *OSEPHSON JUNCTION� )T IS MODELED AS A PURE *OSEPHSON ELE

MENT �CROSS	 IN PARALLEL WITH A CAPACITANCE #� %ACH COMPONENT HAS IT OWN DEGREE OF FREEDOM
�RESPECTIVELY REFERRED AS 0) AND 0"	�

4HE TOTAL CHARGE HAVING PASSED THROUGH THE DEVICE IS THUS THE SUM OF TWO CHARGES�

q THE ELECTROSTATIC CHARGE 0" ON THE CAPACITOR PLATES�

q THE CHARGE 0) PASSED THROUGH THE JUNCTION� 4HIS CHARGE CAN BE WRITTEN AS0)�
�EM�

WHERE M IS THE NUMBER OF #OOPER PAIRS THAT HAVE TUNNELED THROUGH THE JUNCTION�

4HERE IS A FUNDAMENTAL DIdERENCE BETWEEN THESE TWO CHARGES� 4HE CHARGE0" IS A CONTINUOUS

VARIABLE WHICH IS ASSOCIATED TO THE DISPLACEMENT OF THE ELECTRON âUID WITH RESPECT TO THE ION

LATTICE� 4HE CHARGE 0) IS� ON THE CONTRARY� A DISCRETE VARIABLE� BECAUSE DISCRETE NUMBER

OF CHARGE CAN BE POSITIONED VIRTUALLY INSIDE THE JUNCTION� /NE ASSOCIATES TO THE NUMBER OF
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TRANSFERRED #OOPER PAIRS M A QUANTUM OPERATOR =- WHOSE EIGENVECTORS JMI VERIçES�

=- JMI � M JMI � ����	

����� 4HE *OSEPHSON (AMILTONIAN

7E SUPPOSE HERE THAT THE CHARGING ENERGY OF THE JUNCTION CAPACITANCE$
B
� D���" IS MUCH

LOWER THE SUPERCONDUCTING GAPa SO THAT THE *OSEPHSON (AMILTONIAN WHICH COUPLES STATES JMI
DIdERING BY ONE #OOPER PAIR �SEE &IG� ���	� TAKES IN THE JMI BASIS THE FOLLOWING FORM�

'
)
� `$)

�

8
M

�JM
 �I HMJ
 JMI HM
 �J� � ����	

WHERE THE CHARACTERISTIC *OSEPHSON COUPLING ENERGY $
)
IS GIVEN BY THE !MBEGAOKAR
"ARATOd

FORMULA ;�=�

$
)
�
G

�

a

D�1
3

� ����	

(ERE1
3
DENOTES THE NORMAL STATE TUNNEL RESISTANCE OF THE JUNCTION� .OTE THAT THIS (AMILTONIAN

IS INVARIANT UNDER TRANSLATIONS OF JMI�

E
J

n1 2 3 40

&IGURE ���� $IAGRAM OF THE QUANTUM STATES JMI CORRESPONDING TO THE NUMBER OF #OOPER PAIRS
TRANSFERED THROUGH THE JUNCTION� 4HE *OSEPHSON (AMILTONIAN COUPLES NEIGHBORING STATES�

,ET US THEN INTRODUCE THE SET OF STATES JpI DEçNED BY THE &OURIER SERIES OF THE KETS JMI�

JpI � �P
�{

8
M

DHMp JMI � ����	

7E ASSOCIATE TO THE PHASE p THE OPERATOR =p � �

H

�

�M
WHICH VERIçES =p JpI � p JpI � 4HE VARIABLES

M AND p ARE THUS CONJUGATE VARIABLES IN THE SENSE OF (AMILTONIAN MECHANICS ;�=� 4HE OPERATORS

=M AND =p OBEY TO THE COMMUTATION RULE�
H
=M�=p
I
� H�

%XPRESSED IN THE JpI BASIS� THE *OSEPHSON (AMILTONIAN IS DIAGONAL AND TAKES ITS USUAL FORM�

'
)
� `

:
�{

�

Cp $
)
BNR p JpI HpJ � ����	


 ��� 




#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

4HIS BASIS IS WELL SUITED TO CALCULATE THE EVOLUTION OF THE JUNCTION STATE WHEN THE VOLTAGE

5 �S� ACROSS THE JUNCTION IS IMPOSED EXTERNALLY� )N THIS CASE� A STATE JpI EVOLVES IN TIME IN THE

FOLLOWING WAY�

Jp�S�I �
nnnnp��� 


�D

^

:
S

�

5 �S��CS�
�
� ����	

4HIS LATTER EXPRESSION ACTUALLY PROVIDES A QUANTUM GENERALIZATION OF THE *OSEPHSON RELATION

FOR THE EVOLUTION OF THE PHASE�

5 �
^

�D
>p� ����	

����� -ODELING THE ELECTROMAGNETIC ENVIRONMENT

Z(w)
E

J

Ic ?

d

&IGURE ���� 3CHEMATIC DIAGRAM OF THE CIRCUIT WHICH IS CONSIDERED� )T CONSISTS OF A PURE *OSEPH

SON ELEMENT IN SERIES WITH AN IMPEDANCE 9 ��� WHICH MODELS THE ELECTROMAGNETIC ENVIRONMENT
SEEN FROM THE *OSEPHSON JUNCTION�

4HE ELECTROMAGNETIC ENVIRONMENT SEEN BY THE *OSEPHSON JUNCTION IS ENTIRELY DEçNED BY THE

SERIES IMPEDANCE 9��� �&IG� ���	� &OR SAKE OF SIMPLICITY� WE ASSUME THAT THE CAPACITANCE "

OF THE *OSEPHSON JUNCTION HAS BEEN INCORPORATED IN THE IMPEDANCE� 7E ASSUME HERE THAT THE

IMPEDANCE DOES NOT HAVE ANY $# COMPONENT� I�E� KHL
���

9��� � �� SO THAT A SUPERCURRENT CAN

âOW THROUGH THE WHOLE CIRCUIT� $ISSIPATION AT çNITE FREQUENCY� DESCRIBED BY THE REAL PART OF

THE IMPEDANCE IS HOWEVER ALLOWED�

7E USE THE QUANTUM DESCRIPTION OF DISSIPATIVE ELECTRICAL CIRCUITS DEVELOPED BY #ALDEIRA

AND ,EGGETT ;�=� 4HE IDEA IS TO TREAT DISSIPATION WITHOUT CORRUPTING (AMILTONIAN MECHANICS�

&OR THAT PURPOSE� THE IMPEDANCE IS REPLACED BY AN INçNITE COLLECTION OF HARMONIC OSCILLATORS�
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&IRSTLY� THE REAL PART OF THE IMPEDANCE 1D9��� IS DIVIDED INTO A DISCRETE SERIES OF INçNITELY

THIN FREQUENCY SLICES�

1D �9���� �
8
L��

1D�9�Lba���p
r �
a�

`L
s
� ����	

WITH a� � ��

7E THEN ASSOCIATE TO EACH SLICE A SINGLE HARMONIC OSCILLATOR WITH RESONANCE FREQUENCY

Li+1

Ci+1

Li

Ci

LiCiwi
2
=1

w

Re(Z)

(LiCi)
-1

Li

Ci

&IGURE ���� 4OP� FREQUENCY SPECTRUM 2E:9 ���< OF THE DISSIPATIVE PART OF THE ELECTROMAGNETIC
ENVIRONMENT� %ACH SLICE :�

H
� �

H

a�< IS ASSOCIATED TO A SINGLE +" OSCILLATOR RESONATING AT

� � �
H
� WHICH REAL PART {

�

Q
+H

"H

MATCHES THE IMPEDANCE 2E:9 ��
H
�< AT THAT FREQUENCY�

"OTTOM� EQUIVALENT CIRCUIT FOR A MODEL OF THE ELECTROMAGNETIC ENVIRONMENT� ! QUANTUM STATE
FOR THE ENVIRONMENT IS CHARACTERIZED BY THE NUMBER OF PHOTONS IN EACH ,# OSCILLATOR�

�L � La� CENTERED ON THE FREQUENCY SLICE �SEE &IG� ���� TOP PANEL 	� !N OSCILLATOR CON


SISTS OF A PARALLEL +" CIRCUIT WITH LUMPED ELEMENTS +
L
AND "

L
VERIFYING�

�
L
� La� �

�P
+
L
"
L

� ����	
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4HE ELECTROMAGNETIC ENVIRONMENT IS THEREFORE MODELED BY AN INçNITE SERIES OF ,# DIPOLES

�SEE &IG� ���� BOTTOM PANEL	 AND THE IMPEDANCE9��� IS THE SUM OF ALL THE OSCILLATOR IMPEDANCES

9
L
����

9��� �
8
L

9
L
���� �����	

E
J

Li+1

Ci+1

Li

Ci

f
i

f
i+1

d=2pF/F0

&IGURE ���� %QUIVALENT CIRCUIT FOR A *OSEPHSON JUNCTION EMBEDDED IN AN ELECTROMAGNETIC EN

VIRONMENT� 4HE IMPEDANCE 9 ��� HAS BEEN REPLACED BY AN INçNITE SERIES OF HARMONIC +"
OSCILLATORS� 4HE PHASE p ACROSS THE WHOLE CIRCUIT IS IMPOSED BY APPLYING A MAGNETIC âUX h
THROUGH THE LOOP�

4HAT A ,# CIRCUIT IS GENERALLY CHARACTERIZED BY A PURELY IMAGINARY IMPEDANCE SHOULD NOT

OBSCURE THE FACT THAT AN INçNITE SERIES OF THESE CAN RESULT IN A COMPLEX IMPEDANCE�� "Y

EXTENDING THE DEçNITION OF THE IMPEDANCE TO COMPLEX FREQUENCIES AND TAKING THE LIMIT� THE

EXPRESSION OF THE IMPEDANCE 9
L
OF A PARALLEL ,# CIRCUIT OF ELEMENTS +

L
AND "

L
IS GIVEN BY�

9
L
��� � V�P�

t `H�
"
L
��� ` ��

L
�

u



{

�"
L

:p�� 
 �
L
� 
 p�� ` �

L
�< � �����	

4HE REAL PART OF 9
L
IS PRECISELY LOCATED AT THE RESONANCE FREQUENCY �

L
� )DENTIFYING ��� WITH

�
4HIS PROPERTY IS WELL KNOWN IN THE CASE OF SEMI
INçNITE TRANSMISSION LINES� WHICH HAVE A REAL IMPEDANCE AND CAN BE DESCRIBED

BY AN INçNITE LADDER OF ,# CIRCUITS�
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THE REAL PART OF ����� ONE OBTAINS� USING EXPRESSION �����

{

�"
L

� 1D �9��
L
��a�� �����	

%VEN IF THIS EQUATION çXES ONLY THE REAL PART OF THE IMPEDANCE� THE IMAGINARY PART OF THE

IMPEDANCE IS ALSO PROPERLY RECONSTRUCTED BY THIS IDENTIçCATION� )NDEED� DUE TO THE ANALYTICITY

OF 9� AN EQUATION LINKING THE IMAGINARY PART OF 9 WITH THE OSCILLATOR PARAMETERS CAN BE

OBTAINED USING +RAMERS
+R¶NIG RELATIONS� 4HE VALUES OF THE ELEMENTS +
L
AND "

L
ARE THEN

DETERMINED BY THE SET OF %QUATIONS� ��� AND ����� )T IS OFTEN MORE CONVENIENT TO CHARACTERIZE

THE +" CIRCUIT BY ITS RESONANCE FREQUENCY �
L
AND ITS CHARACTERISTIC IMPEDANCE :

L
�

:
L
�
P
+
L
�"
L
�
�

{
1D �9��

L
��
a�

�
L

� �����	

4HE QUANTUM STATES DEçNED BY TENSORIAL PRODUCTS OF SINGLE OSCILLATOR EIGENSTATES�

J$I �
/
L

J-
L
I � �����	

�WHERE J-
L
I IS AN EIGENSTATE OF THE OSCILLATOR L WITH -

L
QUANTA	� FORM A COMPLETE BASIS FOR

THE QUANTUM STATES OF THE ENVIRONMENT� )N THIS BASIS� THE (AMILTONIAN OF THE ENVIRONMENT

(DMU IS STRAIGHTFORWARDLY WRITTEN IN CORRESPONDENCE TO THE CLASSICAL LIMIT� )T HAS A DIAGONAL

FORM AND WRITES AS�

(DMU �
8
L

�
=�
�

L

�+L



=0�

L

�"L

�
�
8
L

t
-L 


�

�

u
^�L � �����	

WHERE -L IS THE NUMBER OF EXCITATION QUANTA IN OSCILLATORL AND =0L AND =�
L
ARE RESPECTIVELY

THE CHARGE AND THE âUX OPERATORS� 4HIS LATTER OPERATORS ARE RELATED TO THE CHARGE NUMBER AND

PHASE THROUGH THE RELATION
|
=0L � `�D ML
=�
L
� ]

�D
�
L

�

����� 4OTAL (AMILTONIAN OF THE SYSTEM

4HE TOTAL (AMILTONIAN ( DESCRIBING THIS SYSTEM IS THE SUM OF THE *OSEPHSON (AMILTONIAN

() AND OF THE (AMILTONIAN OF THE ELECTROMAGNETIC ENVIRONMENT(DMU�

! CONVENIENT BASIS TO WRITE THE TOTAL (AMILTONIAN IS THE BASIS OF VECTORS J2I CONSISTING OF

THE TENSORIAL PRODUCT OF THE KETS OF THE *OSEPHSON JUNCTION JMI BY THE QUANTUM STATES J$I OF

 ��� 
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THE ENVIRONMENT�

J2I � JMI l J$I � JM�-�� -�� ��� -J
� ��I � �����	

)N THIS BASIS J2I� THE (AMILTONIAN OF THE ENVIRONMENT(
DMU

IS STILL DIAGONAL BUT THE *OSEPHSON

(AMILTONIAN (
)
IS NOT BECAUSE THE TRANSFER OF A #OOPER PAIR THROUGH THE *OSEPHSON ELEMENT

INDUCES THE TRANSFER OF A CHARGE �D THROUGH THE ELECTROMAGNETIC ENVIRONMENT�

)N THE BASIS J2I � THE EXPRESSION ��� OF THE BARE *OSEPHSON (AMILTONIAN IS REPLACED BY�

(
)
� `$)

�

8
M

r
JM
 �I HMJ l B3�D 
 JMI HM
 �J l B3 X

�D

s
� �����	

WHERE THE OPERATOR =3�D IS THE OPERATOR WHICH TRANSLATES BY �D THE CHARGE PASSED THROUGH

THE ENVIRONMENT� !S DESCRIBED IN SECTION ������ LET US INTRODUCES THE DUAL BASIS JiI OF J2I WITH
RESPECT TO QUANTUM NUMBER M�

JiI � JpI l J$I �
8
M

DHMp JMI l J$I � �����	

)N THIS BASIS� THE (AMILTONIAN (
)
WRITES�

(
)
� `$)

�
DH
=
p l B3�D 
 G�B� �����	

4HE TRANSLATION OPERATOR CAN BE WRITTEN IN THE DUAL BASIS BY ANALOGY WITH THE BARE *OSEPH


SON (AMILTONIAN�

B3�D � DWO
t
H
�D

^

Bh�

u
� �����	

WHERE Bh� �
0
L

B�
L
IS THE TOTAL âUX OPERATOR OF THE ENVIRONMENT� 4HE *OSEPHSON (AMILTONIAN

IN PRESENCE OF THE ENVIRONMENT REWRITES AS�

() � `$)

�

�
D
H

t

=
p


�D

^

0

L

B
�
L

u


 G�B�

�
� �����	

!ND çNALLY� THE TOTAL (AMILTONIAN HAS THE FOLLOWING EXPRESSION�

( � (
)

(

DMU
� `$)

�

�
D
H

t

=
p


�D

^

0

L

B
�
L

u


 G�B�

�


8
J

� B��
J

�+
J



0�

J

�"
J

�
� �����	

%XAMINING THIS LATTER EXPRESSION� ONE CAN EXPRESS SEVERAL REMARKS�

q THE OSCILLATOR âUXES B�
L
ARE RECOUPLED IN THE *OSEPHSON (AMILTONIAN THROUGH A NON


LINEAR TERM� 5NLIKE FOR THE BARE (AMILTONIAN� THE BASIS J2I � COMPOSED OF THE TENSORIAL PRODUCT

 ��� 
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OF SINGLE OSCILLATOR EIGENSTATES� DOES NOT DIAGONALIZE THE TOTAL (AMILTONIAN� !#OOPER PAIR TRANS


FER SHIFTS THE ENVIRONMENT STATE� WHICH LEADS TO A COUPLING BETWEEN STATES J2I WITH NEIGHBORING
M AND DIdERENT ENVIRONMENT STATES� �SEE &IG� ���	�

q THIS STRUCTURE OF (AMILTONIAN IS SIMILAR TO MANY OTHER TYPES OF (AMILTONIANS ENCOUN

TERED IN CONDENSED MATTER PHYSICS ;�=� )N A MORE GENERAL WAY� OUR PROBLEM CAN BE MAPPED ON

THE PROBLEM OF A PARTICLE IN A PERIODIC POTENTIAL INTERACTING WITH A DISSIPATIVE BATH OF HARMONIC

OSCILLATORS� 4HE PARTICULAR CASE OF THE RESTRICTION TO TWO NEIGHBORING CHARGE STATES� RELEVANT FOR

THE PREVIOUSLY CONSIDERED SUPERCONDUCTING BOX PROBLEM� LEADS TO THE WELL
KNOWN SPIN
BOSON

(AMILTONIAN ;�=�

q THE EIGENVALUES OF THE TOTAL (AMILTONIAN (� WHICH DEPEND ON THE EXTERNAL PHASE p�

FORM ENERGY BANDS THAT HAVE TO BE CALCULATED�

n

Environment states

d

E

0 2p

&IGURE ���� ,EFT PANEL� SCHEMATIC DIAGRAM OF THE QUANTUM STATES FOR THE SYSTEM [*OSEPHSON
JUNCTION � ENVIRONMENT]� 4HE *OSEPHSON (AMILTONIAN COUPLES STATES DIdERING BY ONE #OOPER
PAIR TRANSFERRED THROUGH THE JUNCTION� AS INDICATED BY THE ARROWS�
2IGHT PANEL� SKETCH OF THE CORRESPONDING ENERGY BANDS OBTAINED IN THE PHASE SPACE p�
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��� 0ERTURBATIONAL CALCULATION

!S A çRST APPROACH� WE TREAT THE EdECT OF THE *OSEPHSON (AMILTONIAN IN A PERTURBATIONAL

WAY BY DEVELOPING THE TRANSLATION OPERATOR =3�D ON THE OSCILLATOR BASIS UP TO THE SECOND ORDER

IN THE âUX OPERATORS B�
L

�

=3�D � D
H

�DB�

] { � 
 H�D
]

8
L

B�
L

` �
�

t
�D

]

u
�

�
"" 
8
L

B��
L
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4HE CORRESPONDING PERTURBATIONAL EXPRESSION(
)

OF THE *OSEPHSON (AMILTONIAN REWRITES AS�

(
)

{ `$)

�
DH
=
p l

�
���� 
 H

�D

]

8
L

B�
L

` �
�

t
�D

]

u
�

�
"" 
8
L

B��
L
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B�
L

�
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���
 G�B� �����	

!CCORDING TO THIS LATTER EXPRESSION� ONE CAN SEPARATE THE ACTION OF THE OPERATOR =p FROM

THOSE OF THE OPERATORS B�
L

AND PROJECT(
)

ON THE EIGENVECTORS JpI � 4HIS DEçNES A PERTURBATIONAL
(AMILTONIAN(

ODQS

FUNCTION OF THE EIGENVALUES p� WRITTEN IN THE RESIDUAL BASIS OF THE ENVIRONMENT

QUANTUM STATES J$I �

HiJ(
)

JiI � Hp�$J(
)

Jp� $I { H$J(
ODQS

�p� J$I � �����	

WHERE

(
ODQS

�p� � `$
)

�
���BNR p 
 H

�D

]
RHM �p�

8
L

B�
L

` �
�

t
�D

]

u
�

BNR �p�

�
"" 
8
L

B��
L



�

�

8
K�L

K ��L

B�
K

B�
L

�
##!

�
��� �

4HE âUX OPERATOR B�
L

OF EACH HARMONIC OSCILLATOR CAN BE EXPRESSED AS A FUNCTION OF BOSONIC

CREATION AND ANNIHILATION OPERATORS� RESPECTIVELY NOTED @X
L

AND @
L

�

B�
L

�

R
]:

L

�

`
@X
L


 @
L

a
�����	

B��
L

�
]:

L

�

`
� 
 �-

L


 @X
L

� 
 @�
L

a
�

.EGLECTING ALL TERMS CONTAINING A PRODUCT OF TWO OPERATORS� THE PERTURBATIONAL (AMILTONIAN
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(
ODQS

WRITES�

(
ODQS
�p�� `$

)
BNR pb

�
�` �

�

t
�D

]

u�8
L

�� 
 �-
L
�]:

L

�
`H$

)

�D

]
RHM p

�8
L

R
]:

L

�

`
@X
L
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L

a�
�
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4HE (AMILTONIAN (
ODQS

COUPLES THE GROUND STATE TO EXCITED STATES WITH ONLY ONE EXCITATION

QUANTUM IN ONE MODE�

����� &IRST PERTURBATIONAL CORRECTION OF THE GROUND STATE ENERGY

4HE DIAGONAL PART OF THE PERTURBATIONAL (AMILTONIAN IN THE BASIS J$I GIVES THE ENERGY

INCLUDING CORRECTIONS OF ORDER $
)
:
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4HE DISCRETE SUM OVER THE OSCILLATORS CAN NOW BE REPLACED BY AN INTEGRAL OVER THE FREQUENCY�

4HE CORRESPONDENCE IS OBTAINED FROM %Q� �����

8
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4HUS� THE ABOVE EXPRESSION FOR THE ENERGY WRITES�
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q &OR THE GROUND STATE ENERGY BAND� THIS EXPRESSION REDUCES TO�
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����� 3ECOND ORDER CORRECTION

4HE PERTURBATION THEORY UP TO SECOND ORDER FOR (
ODQS

�p� PROVIDES THE FOLLOWING CORRECTION

OF ORDER $�
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q &OR THE GROUND STATE ENERGY BAND� THE CORRECTION IS�
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4HE INTEGRAL ,� HAS THE DIMENSIONS OF AN INDUCTANCE AND CAN PHYSICALLY BE ASSOCIATED TO

THE EdECTIVE INDUCTANCE OF THE ENVIRONMENT ÝSEENÝ BY THE *OSEPHSON JUNCTION� 4AKING THIS

SECOND ORDER CORRECTION INTO ACCOUNT� ONE OBTAINS FOR THE GROUND STATE ENERGY$� �p� �

$� �p� � $
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!T ZERO TEMPERATURE� THE CURRENT âOWING THROUGH THE JUNCTION IS OBTAINED FROM THE GROUND

STATE ENERGY BAND USING THE RELATION�

(�p� �
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t
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WHICH LEADS TO�
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4HE WHOLE CIRCUIT BEHAVES LIKE AN EdECTIVE *OSEPHSON JUNCTION BUT WITH A MODIçED CURRENT


PHASE RELATION�

)N PARTICULAR� THE CRITICAL CURRENT �H�D� THE MAXIMUM SUPERCURRENT	� OBTAINED AT p � {

�
� IS

REDUCED COMPARED TO THE BARE *OSEPHSON JUNCTION CRITICAL CURRENT (�
B
� $
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4HIS REDUCTION CAN BE INTERPRETED AS A #OULOMB BLOCKADE OF THE $# *OSEPHSON EdECT DUE

TO THE ELECTROMAGNETIC ENVIRONMENT� 4HE LATTER FORMULA� CALCULATED AT THE ORDER ,��1*
� IS

QUANTITATIVELY VALID IN THE LOW
IMPEDANCE LIMIT DEçNED BY �
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4HIS PERTURBATIONAL APPROACH CAN BE COMPARED WITH EXACT NUMERICAL CALCULATIONS IN THE

SPECIçC CASE OF A SINGLE MODE ENVIRONMENT �SEE SECTION �` 	�

��� 6ARIATIONAL CALCULATION

4HE PERTURBATIONAL CALCULATION SHOWS THAT THE ELECTROMAGNETIC ENVIRONMENT MODIçES THE

CURRENT
PHASE RELATION OF A *OSEPHSON JUNCTION� BUT ITS VALIDITY IS LIMITED TO LOW SERIES IM


PEDANCES� 7E PROPOSE HERE A VARIATIONAL APPROACH VALID FOR ARBITRARY SERIES IMPEDANCES�

����� $EçNITION OF TRIAL FUNCTIONS

,ET US START FROM THE TOTAL (AMILTONIAN GIVEN BY %XPR� �����
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4HE çRST TERM IN THE (AMILTONIAN IS A MANY
BODY TERM WHICH IS A PRODUCT OF SINGLE OSCILLATOR

DISPLACEMENT OPERATORS DH
�D

^

B

�
L� 4HIS SUGGESTS TO USE TRIAL FUNCTIONS OF THE TYPE�
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WHERE J�
L
I IS THE GROUND STATE OF OSCILLATOR L AND $�S

L
� IS THE TRANSLATION OPERATOR OF

CONSTANT S
L
� DEçNED BY ITS ACTION ON BOSONIC OPERATORS�
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4HE VARIATIONAL GROUND STATE ENERGY IS THEN OBTAINED BY SOLVING THE STATIONARITY EQUATIONS�
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ONE çRST GETS�
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4HE EXPRESSION �����	 REDUCES TO�
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����� #ALCULATION OF Hd �S����SM� ���J(ENV Jd �S����SM� ���I
4HE ENVIRONMENT ENERGY IS DIRECTLY REDUCES TO�
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����� 6ARIATIONAL SOLUTIONS

!SSOCIATING %QS� ���� AND ����� WE OBTAIN THE AVERAGE VALUE OF THE TOTAL (AMILTONIAN�
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"Y SUMMING OVER L� ONE çNALLY OBTAINS THE SELF
CONSISTENCY EQUATION OBEYED BY t �
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WHERE ,� AND ,� ARE DEçNED AS IN %QS� ���� AND �����

4HE FUNDAMENTAL ENERGY BAND $
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�p� IS çNALLY OBTAINED BY REWRITING THE ENERGY GIVEN BY

EXPRESSION �����

$
�
�p� � `$

)
DWO

t
`�,�

1
*

u
BNR �p 
 t� 


�$�

)

,
�

^1
*

DWO

t
`�,�

1
*

u
RHM� �p 
 t� � �����	

WHERE t SATISçES THE SELF
CONSISTENT EQUATION �����	�

����� #OMPARISON WITH THE PERTURBATIONAL THEORY

4HE ENERGY BAND $
�
�p� HAS A SIMILAR STRUCTURE AS OBTAINED IN THE PERTURBATIONAL CASE�

(OWEVER THE EXPRESSION ���� DIdERS FROM THE PERTURBATIONAL RESULT �����

q 4HE RENORMALIZATION FACTORS ARE NOW EXPONENTIAL TERMS CONTAINING ALL POWERS OF ,�
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q 4HE PHASE ARGUMENTS ARE NOW GIVEN BY THE SUM �p 
 t �p�� IN PLACE OF p� 3INCE t �p� IS

A NON
LINEAR FUNCTION OF p� THE CURRENT
PHASE RELATION NOW CONTAINS ALL HARMONICS IN p�

-ORE PRECISELY� ONE CAN CHECK THAT THE PERTURBATIONAL APPROACH CORRESPONDS TO A LIMIT CASE

OF THE VARIATIONAL CALCULATION� FOR A LOW IMPEDANCE ENVIRONMENT�

)N THIS LIMIT� BOTH INTEGRALS ,� AND $)
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3INCE THE PARAMETER v IS ALSO SMALL� THE SELF
CONSISTENT EQUATION �����	 IS STRAIGHTFORWARDLY
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WHICH COINCIDES WITH %XPRESSION� ���� OBTAINED USING PERTURBATION THEORY�

����� #OMPARISON WITH THE CLASSICAL LIMIT

)T IS INSTRUCTIVE TO COMPARE THE VARIATIONAL EQUATIONS ���� TO THE EQUATIONS ONE WOULD OBTAIN

AT EQUILIBRIUM FOR THE SAME (AMILTONIAN ����� BUT WITH THE OPERATORS =�
J
REPLACED BY CLASSICAL

VARIABLES�
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4HIS EQUATION IS SIMILAR TO THE VARIATIONAL EQUATION �%Q� ����	 BUT WITH THE

RESTRICTION | � ��

/NE CAN DRAW FROM THIS LATTER COMPARISON SEVERAL REMARKS�

q 4HERE IS A PERFECT AGREEMENT BETWEEN THE CLASSICAL AND THE VARIATIONAL TREATMENT OF

THE TOTAL (AMILTONIAN ASSUMING THAT THE REDUCED PARAMETER | IS SET TO ��

q !LL QUANTUM EdECTS IN THE VARIATIONAL TREATMENT ARE THUS CONTAINED IN THE FACTOR

| � �� 4HE NON
COMMUTATION OF POSITION
LIKE AND MOMENTUM
LIKE VARIABLES LEADS TO THE FACTOR

| IN THE 'LAUBER FORMULA �

4HE VARIATIONAL METHOD USED HERE APPEARS AS A SEMI
CLASSICAL METHOD WHICH TAKES INTO

ACCOUNT SINGLE OSCILLATOR QUANTUM CORRELATIONS�

����� 3OLUTIONS OF THE SELF
CONSISTENT EQUATION

4HE SELF
CONSISTENT %QUATION ���� RELATING t TO THE EXTERNAL PHASE p CAN BE NUMERICALLY

SOLVED AS A FUNCTION OF THE PARAMETER v DEçNED IN %Q� ����� 4HE VALUE v � � SEPARATES TWO

DOMAINS FOR THE SOLUTION t �p��

q v � �
4HE RESOLUTION OF THE EQUATION FOR v ~ � HAS ALREADY BEEN GIVEN IN %Q� ����� )N THIS

REGIME� THE PHASE t � `v RHM p IS PROPORTIONAL TO v� !S THE PARAMETER v INCREASES� THE CURVE

t �p� PROGRESSIVELY DEVIATES FROM A SINE FUNCTION� )N PARTICULAR� THE CURVATURE �
�
t

�p
� AT t � {

�MOD� �{� INCREASES AND DIVERGES WHEN v REACHES � �SEE &IG� ���� TOP PANEL	� #ORRELATIVELY�

THE FUNDAMENTAL ENERGY BAND� WHICH HAS AN HARMONIC DEPENDENCE IN THE PERTURBATIONAL CASE

v~ �� DEVELOPS A CUSP
LIKE MAXIMUM AT p � { �SEE &IG� ���� BOTTOM PANEL	�

q v � �
t �p� IS NO LONGER A CONTINUOUS FUNCTION� )T HAS A SAW
TOOTH DEPENDENCE WITH PERIODIC JUMPS

AT p � { 
 �O{ �O INTEGER	� 4HE GROUND STATE ENERGY BAND PRESENTS CUSPS �SEE &IG� ����

BOTTOM PANEL	 WHERE ITS DERIVATIVE IS DISCONTINUOUS� 4HE SUPERCURRENT THROUGH THE JUNCTION
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&IGURE ���� 4OP PANEL� SOLUTIONS OF THE SELF CONSISTENT EQUATION t � `v RHM�t
 p� FOR DIdERENT
VALUES OF THE PARAMETER v� 4HE VALUE v � � DEçNES A THRESHOLD BETWEEN A DOMAIN FOR WHICH
t �p� IS A CONTINOUS FUNTION AND A DOMAIN FOR WHICH t�p� SWITCHES AT p � { �LNC �{��
"OTTOM PANEL� REDUCED GROUND STATE ENERGY $ �p� �|$) FOR DIdERENT VALUES OF THE PARAMETER v�
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IS THUS ALSO A DISCONTINUOUS FUNCTION OF p AT THESE POINTS�

4HE THRESHOLD v � � DEçNES A TRANSITION POINT BETWEEN A DOMAIN IN WHICH THE SUPERCURRENT

( �p� IS CONTINUOUS �FOR v � ��� AND A DOMAIN IN WHICH IT IS NOT �FOR v � �	� 4HE PHYSICAL

MEANING OF THE TRANSITION WILL DISCUSSED IN APPENDIX �̀ !� IN THE CASE OF AN IMPEDANCE REDUCED

TO A SINGLE +" OSCILLATOR�

����� %XPRESSION OF THE SUPERCURRENT AT ZERO TEMPERATURE

!T ZERO TEMPERATURE� THE EXPRESSION ���� OF THE CURRENT� CALCULATED USING ���� AND �����
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#OMPARED TO THE CASE OF A BARE JUNCTION� THE CRITICAL CURRENT IS EXPONENTIALLY REDUCED

BY THE âUX QUANTUM âUCTUATIONS OF THE ENVIRONMENT MODES� 4HIS RESULT EXTENDS

THE PERTURBATIONAL EXPANSION �����	 PREVIOUSLY OBTAINED� )T PREDICTS THE EXISTENCE OF AN EN


VIRONMENTAL #OULOMB BLOCKADE OF THE $# *OSEPHSON EdECT� 4HIS EdECT IS THE ANALOGOUS FOR

*OSEPHSON JUNCTIONS TO THE #OULOMB BLOCKADE OF THE CONDUCTANCE FOR NORMAL
METAL TUNNEL

JUNCTIONS�

)N THE CASE v � �� THE CRITICAL CURRENT IS GIVEN BY KHL
p�{

`

(�3���� WHERE (�3��� IS GIVEN BY

EXPRESSION �����

����� %XPRESSION OF THE SUPERCURRENT AT çNITE TEMPERATURE

4HE VARIATIONAL METHOD CAN BE READILY EXTENDED AT çNITE TEMPERATURES IN THE CASE OF AN

ENVIRONMENT WITH A DISCRETE SPECTRUM� 4HE DIdERENT ENERGY BANDS CAN THEN BE INDEXED BY AN

INTEGER M� AND THE AVERAGE SUPERCURRENT IS GIVEN BY A "OLTZMANN AVERAGE OF THE SUPERCURRENTS
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WHERE THE /
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ARE NORMALIZED "OLTZMANN FACTORS�
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!T TEMPERATURES SUCH THAT 3 ~ LHM :$� �p�` $� �p�< �J!� THE GROUND STATE CONTRIBUTION TO THE

CURRENT IS DOMINANT� !T HIGHER TEMPERATURES� THE CONTRIBUTIONS OF THE EXCITED STATES CONTRIBUTE

TO THE AVERAGE CURRENT AND TEND TO DECREASE IT �SEE &IG� ���	� .OTE THAT AT A GIVEN PHASE p� THE

SIGNS OF THE CURRENTS CARRIED BY SUCCESSIVE STATES CAN BE DIdERENT� 4HIS SITUATION IS REMINISCENT

OF THE PERMANENT CURRENTS CARRIED BY SINGLE ELECTRON STATES IN SMALL NORMAL METAL RINGS ;��= �

E
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P d

&IGURE ���� ,EFT� "OLTZMANN STATISTICS / �$� AT çNITE TEMPERATURE 3 �
2IGHT� SCHEMATIC DIAGRAM OF THE ENERGY BANDS PARTICIPATING TO THE GLOBAL SUPERCURRENT THROUGH
THE *OSEPHSON JUNCTION� !T çNITE TEMPERATURE 3� THE AVERAGE SUPERCURRENT THROUGH THE JUNCTION
RESULTS FROM THE THERMAL AVERAGE �

h�

0
H
/ �$H� �$H��p OF SUPERCURRENTS �

h�

�$H��p ASSOCIATED TO
EACH BAND�

������ #OMPARISON WITH THE RENORMALIZATION GROUP APPROACH

7E HAVE COMPARED OUR PREDICTIONS WITH THOSE OF (EKKING ET AL� ;��= DERIVED USING A RENOR


MALIZATION GROUP �2'	 APPROACH� FOR A PARTICULAR ENVIRONMENT�

4HEY CONSIDER A *OSEPHSON JUNCTION CONNECTED TO A THIN SUPERCONDUCTING LOOP� 4HE ELECTRO


MAGNETIC ENVIRONMENT STATES ARE PLASMON MODES PROPAGATING ALONG THE LOOP� 4HE CORRESPOND


ING IMPEDANCE SPECTRUM CONSISTS OF A SERIES OF $IRAC PEAKS AT HARMONICS OF THE FUNDAMENTAL
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RESONANCE FREQUENCY �� WITH WEIGHT 1���� UP TO A CUT
Od FREQUENCY l
,

�SEE &IG� ����	�

W
M

ReZ

w
0

w

R

&IGURE ����� 2EAL PART OF THE ENVIRONMENT IMPEDANCE CONSIDERED BY (EKKING ET AL� )T CONSISTS OF
A SERIES OF $IRAC PEAKS� BEGINNING AT FREQUENCY �� UP TO A CUT
Od FREQUENCY l

,
� 4HE AVERAGE

EdECTIVE VALUE IS 1
*
��F�

4HEY çND THAT THE JUNCTION STILL BEHAVES AS AN EdECTIVE *OSEPHSON JUNCTION� (OWEVER�

ITS ASSOCIATED *OSEPHSON ENERGY E$
)
IS RENORMALIZED BY THE ELECTROMAGNETIC ENVIRONMENT WITH

RESPECT TO THE BARE ENERGY $�

)
� 4WO RENORMALIZATION REGIMES OCCUR DEPENDING ON THE VALUE OF

THE DIMENSIONLESS PARAMETER F � 1
*
��1 WITH RESPECT TO ��

q F � �

E$
)
� $�

)

t
��

l
,

u �

F

�����	

q F � �

E$
)
� $�

)

t
$�

)

l,

u �

F`�

�����	

3IMILAR RESULTS CAN BE ALSO DERIVED WITHIN THE FRAMEWORK OF OUR VARIATIONAL APPROACH AS DIS


CUSSED IN THE FOLLOWING�

7E çRST CALCULATE THE RENORMALIZED *OSEPHSON ENERGY$�
)
GIVEN BY EQUATION ���� IN THE CASE

OF THE ELECTROMAGNETIC ENVIRONMENT CONSIDERED BY (EKKING ET AL� "Y REPLACING 1D :9 ���< BY

ITS AVERAGE VALUE 1
*
��F� WE OBTAIN�

$�
)
� $�

)
DWO

t
` �

1
*

:
�

�

1D :9 ���<

�
C�

u
{ $�

)
DWO

t
` �

1
*

:
l,

��

1
*
��F

�
C�

u
� �����	

WHICH LEADS TO�

$�
)
{ $�

)
DWO

t
`�
F
KM

t
l
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uu
� $�

)

t
��
l
,

u �
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� �����	
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

4HIS RESULT COINCIDES WITH THE PREDICTION FOR E$) IN THE CASE F � ��

)F THE RENORMALIZED ENERGY $�

)
IS LARGER THAN ]��� THE EXPRESSION ���� NEEDS TO BE MODIçED

BECAUSE THE LOW FREQUENCY OSCILLATORS DO NOT CONTRIBUTE IN FACT TO THE RENORMALIZATION� 4HIS

EdECT IS SIMILAR TO THE ÝSLAVE BOSONÝ EdECT IN THE SPIN
BOSON PROBLEM ;��=� 4HE LOW FREQUENCY

CUT
Od �� HAS TO BE REPLACED IN THIS CASE BY $�

)
�]� 4HE RENORMALIZED *OSEPHSON ENERGY $�

)
IS

THEN�

$�

)
� $�

)
DWO

�
` �

1
*

:
l,

$
�

)
�]

1D :9 ���<

�
C�

�
{ $�

)

t
$�

)

l
,

u �

F

� �����	

WHICH LEADS TO�

$�

)
� $�

)

t
$�

)

l
,

u �

F`�

� �����	

4HIS RESULT COINCIDES WITH THE PREDICTION FOR E$
)
OBTAINED BY (EKKING ET AL� IN THE CASE F � ��

!LTHOUGH BOTH APPROACHES LEAD TO SIMILAR RESULTS� THE VALUE F � � DOES NOT APPEAR AS A

TRANSITION POINT IN OUR MODEL�

��� #ASE OF A *OSEPHSON JUNCTION COUPLED TO A SINGLE
MODE OSCILLATOR

/UR PREDICTIONS OBTAINED USING BOTH PERTURBATIONAL AND VARIATIONAL APPROACHES CAN BE

TESTED IN A CASE IN WHICH AN EXACT NUMERICAL CALCULATION OF THE ENERGY BANDS CAN BE PERFORMED�

&OR THAT PURPOSE� WE HAVE CONSIDERED AN ELECTROMAGNETIC ENVIRONMENT CONSISTING OF A SINGLE


MODE OSCILLATOR� 4HE SYSTEM CAN BE THUS MODELED AS A BARE *OSEPHSON JUNCTION IN SERIES WITH

A SINGLE ,# OSCILLATOR �SEE &IG� ����� RIGHT PANEL	�

,ET US MENTION THAT THIS BASIC CIRCUIT CORRESPONDS TO THE WELL DEçNED EXPERIMENTAL SITUATION

OF 2&
315)$S ;��=� 4HIS CIRCUIT CAN REPRESENT A SUPERCONDUCTING LOOP INTERRUPTED BY A SINGLE

*OSEPHSON JUNCTION� 4HE LOOP PLAYS THE ROLE OF AN INDUCTOR WITH EdECTIVE INDUCTANCE ,� WHILE

THE ELECTRODES FACING EACH OTHER AT THE JUNCTION CAN BE ASSOCIATED TO AN EdECTIVE CAPACITANCE

# �SEE &IG� ����� LEFT PANEL	� 4HE EXTERNALLY APPLIED MAGNETIC âUX h
DWS

PROVIDES THE PHASE

BIAS� AND THE OBSERVED VARIABLE IS THE INNER MAGNETIC âUX h
HMS
� 4HE LOOP BEHAVES THEN AS

A ÝâUXON BOXÝ SINCE IT CAN STORE AND DELIVER âUX QUANTA ONE BY ONE� 3UCH AN EXPERIMENT

IS STRICTLY THE DUAL EQUIVALENT OF THE SINGLE #OOPER PAIR BOX EXPERIMENT PRESENTED IN
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CHAPTER �� THE CHARGE BEING REPLACED BY IT CONJUGATE VARIABLE� 1UANTUM EdECTS HAVE INDEED

ALREADY BEEN OBSERVED IN 2&
315)$S WITH LARGE *OSEPHSON JUNCTIONS ;��= AND IN THE CASE OF

9"A#U/ SUPERCONDUCTING RINGS PRESENTING WEAK LINKS ;��=�

E
J

L

C

fint

fext

i

&IGURE ����� ,EFT� SCHEMATIC DIAGRAM OF A PHASE BIASED *OSEPHSON JUNCTION COUPLED TO A
SINGLE
MODE OSCILLATOR�
2IGHT� SKETCH OF THE CORRESPONDING EXPERIMENTAL CIRCUIT WHICH CONSISTS OF A SUPERCONDUCTING
LOOP INTERRUPTED BY A *OSEPHSON JUNCTION� 4HE PHASE BIAS IS PROVIDED BY AN EXTERNALLY APPLIED
MAGNETIC âUX h

DWS
� 4HE INNER âUX h

HMS
DIdERS FROM h

DWS
DUE TO THE SUPERCONDUCTING SCREENING

CURRENT AROUND THE LOOP�

����� (AMILTONIAN DESCRIPTION OF A *OSEPHSON JUNCTION COUPLED TO A
+" OSCILLATOR

4HE (AMILTONIAN ���� REDUCES TO�

'�p� �
0�

�"


h�

HMS

�+
`$) BNR

t
�{h

HMS

h�


 p

u
� �����	

WHERE p � �{hDWS�h� IS THE PHASE BIAS IMPOSED BY AN APPLIED EXTERNAL âUX hDWS�

4HIS (AMILTONIAN INVOLVES THREE CHARACTERISTIC ENERGIES�

q THE BARE *OSEPHSON COUPLING ENERGY $
)

q THE INDUCTIVE ENERGY $
+
CHARACTERIZING THE ENERGY OF A âUXON h� ENTERING THE LOOP�

$
+
�
h�

�

�+
�

G�

�+D�
�����	
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

q THE CHARGING ENERGY $B OF THE JUNCTION�

$B �
D�

�"
�����	

!CCORDING TO THESE NOTATIONS� THE (AMILTONIAN WRITES�

'�p� � $B

t
0

D

u�


 $+

t
hHMS

h
�

u
�

`$) BNR

t
�{hHMS

h
�


 p

u
� �����	

3INCE 0 AND h ARE CONJUGATED VARIABLES� THIS (AMILTONIAN CAN BE INTERPRETED AS THE (AMIL


TONIAN OF A PARTICLE WITH POSITION �{hHMS�h�

AND MASS " �h
�

��{�� PLACED IN A PARABOLIC COR


RUGATED POTENTIAL 6 �hDWS�h� �SEE &IG� ����	 GIVEN BY�

6 �hDWS�hHMS� � $+

t
hHMS

h
�

u
�

` $) BNR

t
�{ �hHMS 
hDWS�

h
�

u
� �����	

4HIS POTENTIAL 6 �hDWS�h�� PLOTTED IN TWO DIdERENT CASES� TOGETHER WITH THE POSITION OF ITS

ABSOLUTE MINIMUM AND THE GROUND STATE WAVE FUNCTION� IS SKETCHED IN &IG� ���� FOR VARIOUS

VALUES OF hDWS�

����� (AMILTONIAN MATRIX ELEMENTS IN THE HARMONIC OSCILLATOR BASIS

%XPRESSED IN THE BASIS JMI OF THE HARMONIC OSCILLATOR� THE MATRIX ELEMENTS OF THE (AMILTONIAN
ARE�

'ML �p� � HMJ' �p� JLI � �M
 �
�
�]l

�

pML `$) HMJ BNR
t
�{hDWS

h
�


 p

u
JLI

� �M

�

�
�]l

�

pML ` $)

�
HMJ DHo�B@
B@X�
p 
 G�B� JLI � �����	

WHERE o� � �{D�

G

Q
+

"
� �{9�1* AND =@ �RESPECTIVELY� =@X	 ARE THE ANNIHILATION �RESPECTIVELY�

CREATION 	 OPERATORS�

5SING 'LAUBER IDENTITY ;��=� ONE çNDS FOR THE UNITARY TRANSLATION OPERATOR =3 �

B3 � DHo�=@
=@X� � D`o���D`Ho=@XDHo=@� �����	

WHICH IMPLIES FOR ITS MATRIX ELEMENTS =3ML�

=3ML � HMJ B3 JLI � D`o���
l
D`Ho=@M

nn DHo=@Lm � �����	

%ACH PART OF THE BRACKET CAN BE DEVELOPED USING A COHERENT STATE EXPANSION ;��= �
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&IGURE ����� 0OTENTIAL 5 �h�h
DWS

� FOR DIdERENT BIAS âUXES h
DWS

PLOTTED FOR THE DOMAINS
$

)

� $
+

��{� �TOP PANEL	� AND $
)

� $
+

��{� �MIDDLE PANEL	� 'ROUND STATE QUANTUM
WAVE
FUNCTIONS ARE SKETCHED BY A GRAY CURVE WHEREAS CLASSICAL EQUILIBRIUM SOLUTIONS ARE SYM

BOLIZED BY BLACK DOTS� )TS DEPENDENCE WITH THE BIAS âUX h

DRS�

� �THIN LINE FOR LARGE $
)

� THICK LINE
FOR SMALL $

)

	 IS REPRESENTED IN BOTTOM PANEL�
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

�����
����

DHo=@ JLI �
8
J

�Ho�
J

J�

=@J JLI
WHERE �

=@J JLI �
Q

M�

�M`J��

JL` JI
� �����	

4HE ELEMENT =3
ML

REWRITES AS�

=3
ML

� D`�{9�1*
(ME�L�M�8

J��

�`��J �Ho�M
L`�JPM�L�
J� �M` J�� �L` J�� � �����	

4HE MATRIX ELEMENTS G
LM

OF THE REDUCED (AMILTONIAN (�^l
�
ARE THEN GIVEN BY�

G
ML

�p� �
�

^l
�

HMJ'�p� JLI � �M
 �
�
�p

LM

` D)
�

H
=3
ML

DHp 
 =3 X
ML

D`Hp
I
� �����	

WHERE D
)

IS THE REDUCED *OSEPHSON ENERGY� $
)

�^l
�
�

����� #OMPUTATIONAL PROCEDURES

7E HAVE NUMERICALLY DETERMINED THE EIGENSTATES AND EIGENVALUES OF THE RESTRICTION OF THE

(AMILTONIAN TO THE SUBSPACE 2
#

OF DIMENSION # SPANNED BY THE STATES �JMI�
M�#

� 4HIS

DIMENSION # HAS TO BE CHOSEN IN ORDER TO GIVE RELIABLE RESULTS WITHOUT LEADING TO TOO TIME


CONSUMING COMPUTATIONS�

!CTUALLY� ONE CAN EVALUATE THE MINIMUM DIMENSION REQUIRED TO OBTAIN A CORRECT DESCRIPTION

OF THE GROUND STATE ENERGY BAND %
�
�p�� IT IS NECESSARY THAT THE LINEAR COMBINATION OF OSCILLATORS

STATES FOR THE SHIFTED STATE =3 J�I IS A STATE OF THE SUBSPACE 2
#

UP TO A GOOD ACCURACY� !S CAN

BE SEEN IN &IG� ����� THE VALUE OF THE MODULUS OF =3
�M

IS NEGLIGIBLE FOR VALUES OF M LARGER THAN

TWICE THE VALUE M
S

FOR WHICH THE MODULUS IS MAXIMUM� 4HEREFORE ONE SHOULD HAVE�

# � �b M
S

� �����	

/NE CAN OBTAIN AN ESTIMATE OF M
S

BY NOTING THAT A #OOPER PAIR WHICH TUNNELS THROUGH THE

JUNCTION INCREASES THE ENVIRONMENT ENERGY BY A QUANTITY EQUAL THE CHARGING ENERGY OF THE

JUNCTION $
B

� ��D�� ��"� 4HE MAXIMUM VALUE FOR
nnn =3�M
nnn� IS OBTAINED WHEN THE ENERGY OF THE

OSCILLATOR STATE MATCHES $
B

� 4HE VALUE OF M
S

THUS SATISçES�
t
M
S



�

�

u
^l

�
{ ��D�� ��" � �����	


 ��� 




���

D
0 n

T$
2

n
t
hW0

DE

E

&IGURE ����� 3QUARE MODULUS OF THE COMPONENTS
nnn B3�M
nnn�OF THE VECTOR B3 J�I AS A FUNCTION OF THE

ASSOCIATED OSCILLATOR ENERGIES M]l�

4HE TWO RELATIONS ���� AND ���� DETERMINES THE MINIMAL DIMENSION#LHM�

#LHM �
�{

1*

R
+

"
� �����	

7E HAVE CHECKED THAT THE NUMERICALLY OBTAINED EIGENENERGIES REMAINED UNCHANGED WHEN

THE DIMENSION # WAS INCREASED WELL ABOVE THIS LIMIT�

����� #ONTROL OF THE RESULTS

7E HAVE CHECKED THAT THE NUMERICAL RESULTS OBTAINED IN THE LOW
IMPEDANCE LIMIT ARE IN

AGREEMENT WITH THE PERTURBATIONAL RESULTS� )N THE CASE OF A SINGLE MODE ENVIRONMENT� BOTH

PARAMETERS ,� AND ,� DEçNED IN %QS� ���� AND ���� CAN BE EXACTLY CALCULATED �
���
��
,� �

{

�

Q
+

"

,� �
{

�
+

� �����	

4HE EXPRESSION ���� OF THE GROUND STATE ENERGY BAND READS�

$� �p� � $
���

�
�p� 
$

���

�
�p�

VHSG $
���

�
�p� � `$)

�
�` �{

1*

R
+

"

�
BNR p

@MC $
���

�
�p� � `$�

)

�{+

]1*
RHM� p� �����	
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

3IMILARLY� A GENERALIZATION OF THE PREVIOUS PERTURBATIONAL CALCULATION GIVES FOR THE ENERGY

$O �p� OF THE OSG EXCITED STATE�

$O �p� � $���

O
�p� 
$���

O
�p� �����	

VHSG $���

O
�p� � `$)

�
�` �{

1*

�� 
 �O�

R
+

"

�
BNR p

@MC $���

O
�p� � `$�

)

�{+

]1*

RHM� p�

WHICH LEADS TO THE REDUCED ENERGY $O �p� �^l� �

$O �p� �^l� � �O

�

�
�` D

)
:�` �{Y �� 
 �O�< BNR p ` �{YD�

)
RHM� p� �����	

WHERE D
)
� $)�^l� IS THE REDUCED *OSEPHSON ENERGY AND Y �

Q
+

"
�1* THE REDUCED EN


VIRONMENT IMPEDANCE� 4HE BANDS HAVE A çRST ORDER CORRECTION THAT PRESERVES THE HARMONIC

DEPENDENCE UPON THE PHASE AND AN ANHARMONIC SECOND ORDER CORRECTION WHICH DOES NOT DE


PEND ON THE BAND INDEX O� 4HIS LATTER EXPRESSION CAN BE DIRECTLY COMPARED TO THE NUMERICAL

RESULTS FOR A GIVEN SET OF ENVIRONMENT VARIABLES� 4HE COMPARISON FOR THE GROUND STATE AND THE

çRST EXCITED STATE ENERGIES IS SHOWN IN &IG� ���� IN A SPECIçC CASE� 4HIS COMPARISON ILLUSTRATES

THE GOOD AGREEMENT OBTAINED IN THE PERTURBATIONAL REGIME�

����� #OMPARISON WITH THE VARIATIONAL APPROACH

)N THE CASE OF A SINGLE MODE ENVIRONMENT� THE VARIATIONAL PREDICTION %Q� ���� FOR THE GROUND

STATE ENERGY REDUCES TO�

$� �p� � `$) DWO

�
` �{
1*

R
+

"

�
BNR �t 
 p� 


�{$�

)
+

^1*

DWO

�
` �{
1*

R
+

"

�
RHM� �t 
 p� �

�����	

VHSG � t � `v RHM �t 
 p� @MC v �
�{$)+

^1*

DWO

�
` �{
1*

R
+

"

�
�

7E HAVE CHECKED THAT VARIATIONAL SOLUTIONS ARE IN GOOD AGREEMENT WITH THE NUMERICAL RESULTS

FOR v � � AS WELL AS FOR v � �� 4HE COMPARISON FOR THE GROUND STATE AND THE çRST EXCITED STATE

ENERGIES IS SHOWN IN &IG� ���� FOR THE VALUE v � ��� ! GOOD AGREEMENT IS OBTAINED FOR ALL VALUES

OF THE PARAMETERS� ,ET US NOTE HOWEVER THAT THE VARIATIONAL APPROACH ALWAYS PREDICTS A ZERO

GAP LEVEL CROSSING AT p � {�� �MOD� {� FOR v � �� WHEREAS THE EXACT NUMERICAL RESULTS SHOW A

RESIDUAL GAP�
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&IGURE ����� #OMPARISON OF GROUND STATE AND çRST EXCITED STATE ENERGY BANDS OBTAINED US

ING THE PERTURBATIONAL APPROACH �DASHED LINES	 AND NUMERICAL CALCULATIONS �SOLID LINES	 IN THE
CASE OF A *OSEPHSON JUNCTION WITH $) � ����]l� CONNECTED TO A LOW IMPEDANCE ENVIRONMENT
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/h

W
0

d

p 2p0

&IGURE ����� #OMPARISON OF GROUND STATE AND çRST EXCITED STATE ENERGY BANDS OBTAINED USING
THE VARIATIONAL METHOD �OPEN DOTS	 WITH THE NUMERICAL CALCULATIONS �BLACK CURVE AND SOLID DOTS	�
4HE PARAMETERS ARE� $) � ��]l� AND 9 � ����l � 1*��� LEADING TO v � ���
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

����� 0HASE TRANSITION INDUCED BY QUANTUM âUCTUATIONS

4HE DISCUSSION OF THE VARIATIONAL SOLUTIONS HAS SHOWN THAT THE VALUE v � � SEPARATES SOLU


TIONS t �p� WITH DIdERENT BEHAVIORS� -ORE PRECISELY� THE RELATION v � � DETERMINES A TRANSITION

LINE IN THE PARAMETER SPACE �$)�$+
� $

)
�$

B
�� AS SEEN IN &IG� ����� 4HE SOLUTION t �p� OF THE

SELF
CONSISTENT EQUATION IS EITHER CONTINUOUS �FOR v � �	 OR DISCONTINUOUS �FOR v � �	� 4HIS

PHENOMENON IS FURTHERMORE CONçRMED BY THE NUMERICAL CALCULATION ALTHOUGH THE OBSERVED

TRANSITION IS NOT AS SHARP� )TS HAS A CLEAR PHYSICAL INTERPRETATION IN TERMS OF THE MAGNETIC

RESPONSE OF A 2&
315)$�

q &OR v � �� 4HE VARIATIONS OF h
HMS

WITH THE EXTERNAL âUX h
DWS

FOLLOW A DISCONTINUOUS

STAIRCASE
SHAPED CURVE WITH JUMPS� ! SINGLE âUX QUANTUM ENTERS THE LOOP WHEN THE MAGNETIC

ENERGY OF THE TWO CONçGURATIONS SEPARATED BY ONE QUANTUM ARE EQUAL �SEE &IG� ����� TOP PANEL	�

4HE INNER âUX h
HMS

FOLLOWS THEN A Ý&ARADAY STAIRCASEÞ FUNCTION �SEE &IG� ����� MIDDLE PANEL	�

WHICH IS THE DUAL OF THE Ý#OULOMB STAIRCASEÞ OF THE SINGLE #OOPER PAIR BOX AT SMALL VALUES

OF $
)
�$

B
�SEE PREVIOUS CHAPTER	� )N THIS REGIME� THE CIRCUIT BEHAVES AS A ÝSINGLE âUXON BOX

Þ� 4HIS PERFECT QUANTIZATION IS DUE TO A SCREENING SUPERCURRENT WHICH FOLLOWS A SAW
TOOTH

FUNCTION �SEE &IG� ����� BOTTOM PANEL	� 4HE JUMPS IN THE SCREENING CURRENT OCCUR WHEN THE

CURRENT REACHES THE CRITICAL CURRENT� ! MAP OF ISO
CRITICAL CURRENT LINES �(
B
�(�

B
� IN THE PARAMETER

SPACE IS SHOWN IN &IG� �����

q &OR v � �� THE &ARADAY STAIRCASE IS NOT AS SHARP AS IN THE PREVIOUS CASE AND h
HMS

IS A

CONTINUOUS FUNCTION OF h
DWS
� 4HE STAIRCASE IS ROUNDED BY THE QUANTUM âUCTUATIONS OF THE âUX

WHICH TEND TO SUPPRESS THE âUX QUANTIZATION� 4HIS ROUNDING IS ANALOGOUS TO THE ROUNDING OF

THE #OULOMB STAIRCASE OF THE SINGLE #OOPER PAIR BOX WHEN $
)
�$

B
IS OF ORDER UNITY� (OWEVER�

THE PROBLEM OF THE âUXON BOX INVOLVES THREE ENERGIES� $
)
� $

B
AND $

+
INSTEAD OF TWO �$

)
� $

B
�

IN THE SINGLE #OOPER PAIR BOX� 4HIS EXPLAINS WHY A TRANSITION BETWEEN A DISCONTINUOUS AND

CONTINUOUS INNER âUX h
HMS

CAN STILL BE OBTAINED IN THE CLASSICAL LIMIT �$
B
� �� THICK LINE ON

&IG� ����	� )N THIS LIMIT� DISCONTINUOUS SOLUTION VANISHES FOR $
)
� $

+
��{� AND CORRESPONDS TO

THE SUPPRESSION OF THE METASTABLE MINIMA IN THE POTENTIAL 6 �h
DWS
�h� �SEE &IG� ����� MIDDLE

PANEL	� 4HE *OSEPHSON COUPLING IS THEN TOO WEAK TO MAINTAIN A SUbCIENTLY HIGH SCREENING

CURRENT�
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&IGURE ����� 4RANSITION LINE REPRESENTING THE SOLUTIONS OF THE EQUATION v � � IN THE PARAMETER
PLANE DEçNED BY THE REDUCED COORDINATES $)�$+

AND $
)
�$

B
� 4HE CURVE SEPARATES THE SPACE INTO

TWO DOMAINS� IN THE UPPER
RIGHT �v � �� DOMAIN� THE âUX INSIDE THE LOOP IS AN INTEGER NUMBER
OF âUX QUANTA� IN THE OTHER �v � �� DOMAIN� THE âUX INSIDE THE LOOP IS A CONTINUOUS FUNCTION
OF THE EXTERNALLY APPLIED âUX� 4HE CLASSICAL REGIME IS OBTAINED IN THE LIMIT $

)
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B
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B
� � 4HE

VALUES INDICATE TO THE REDUCTION FACTOR WITH RESPECT TO THE FULLY DEVELOPPED CRITICAL CURRENT
(�
B
� $

)
�h� OF THE BARE *OSEPHSON JUNCTION� 4HE TRANSITION LINE v � � SHOWN IN PREVIOUS

çGURE IS ALSO INDICATED�
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����� %dECT OF DISSIPATION

7E HAVE INVESTIGATED THE EdECT OF DISSIPATION BY REDUCING THE QUALITY FACTOR OF THE ,#

CIRCUIT� 4HIS CAN BE DONE BY PLACING A RESISTIVE SHUNT IN PARALLEL WITH THE ,# OSCILLATOR �SEE

&IG� ����	� &IRSTLY� WE HAVE CALCULATED THE TWO IMPEDANCE INTEGRALS,� AND,� AS FUNCTIONS OF

THE OSCILLATOR QUALITY FACTOR�

7E HAVE THEN DETERMINED THE TRANSITION LINEv � � IN THE PARAMETER SPACE FOR DIdERENT VALUES

OF THE SHUNT RESISTANCE1 �SEE &IG� ����	� &OR RESISTANCES1 SMALL� COMPARED TO1*�� { ��� Jl�
THE CONTINUOUS INNER âUX AREA �ABOVE THE SURFACE v � �� TENDS TO OCCUPY THE WHOLE PARAMETER

SPACE EXCEPT FOR $)�$+ � �� ��{�� WHICH IS THE CLASSICAL DOMAIN LIMIT� 7E INTERPRET THIS RESULT

BY THE SUPPRESSION OF QUANTUM âUCTUATIONS BY DISSIPATION� WHICH TENDS TO RESTORE THE CLASSICAL

BEHAVIOR OF THE SYSTEM�

��� 'ENERAL EXPRESSION OF THE RENORMALIZED *OSEPHSON
ENERGY

����� 3TARTING FROM THE TUNNELING (AMILTONIAN

7E HAVE ASSUMED UP TO HERE THAT THE SUPERCONDUCTING GAP a IS MUCH HIGHER THAN THE

CHARGING ENERGY $B� THUS ENSURING THAT THE COUPLING (AMILTONIAN BETWEEN SUPERCONDUCTING

ELECTRODES ACROSS THE TUNNEL JUNCTIONS TAKES ITS USUAL *OSEPHSON FORM �%QS� ��� AND ���	� 4HIS

LIMIT IS ACTUALLY NOT ALWAYS EXPERIMENTALLY FULçLLED� IN PARTICULAR FOR !LUMINUM ELECTRODES FOR

WHICH a IS ABOUT � J!*� WHILE TYPICAL VALUES OF $B ARE AROUND � J!*� )N SUCH A CASE� A MORE

GENERAL APPROACH STARTING FROM THE TUNNELING (AMILTONIAN IS REQUIRED� 4HE DERIVATION OF THE

EdECTIVE (AMILTONIAN HAS BEEN DONE BY *OYEZ ;�= USING A TIME
REPRESENTATION FORMALISM� "Y

COMBINING HIS RESULT WITH THE VARIATIONAL APPROACH� WE HAVE OBTAINED AN EXPRESSION OF THE

RENORMALIZED *OSEPHSON ENERGY $�

)
WHICH EXTENDS THE EXPRESSION �����

$�

)
� $�
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WHERE *� IS THE MODIçED "ESSEL FUNCTION OF THE SECOND KIND�

�
4HIS LIMIT SIMILARLY INVOLVES THE ÞSUPERCONDUCTINGÞ RESISTANCE QUANTUM 1*�� AS IN %QS ���� WHICH SET THE LOW IMPEDANCE

LIMIT FOR THE ENVIRONMENT�
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

R C EJL

&IGURE ����� 3CHEMATICS OF A *OSEPHSON JUNCTION COUPLED TO A SINGLE MODE OSCILLATOR WITH A
çNITE QUALITY FACTOR� 4HE ENVIRONMENT OF THE JUNCTION CAN THEN BE MODELED AS A PARALLEL 2,#
CIRCUIT�
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)N THIS TIME REPRESENTATION� THE #OOPER PAIR TUNNELING IS DESCRIBED BY A SEQUENCE OF TWO

SINGLE ELECTRON TUNNELING PROCESSES� SEPARATED BY A TIME DELAY ~ � 4HE TIME FACTOR IN THE EX


PONENTIAL�
r
� 
 D`

]�~

a

s
HAS AN INTERESTING PHYSICAL MEANING� IT DESCRIBES THE EdECT OF THE

ELECTROMAGNETIC ENVIRONMENT ON THE TWO CONSECUTIVE TUNNELING PROCESSES� /NE CAN NOTE THAT

THE LARGER THIS DELAY IS� THE LOWER THE INâUENCE OF THE ENVIRONMENT ON THE JUNCTION� 4HEREFORE�

PASSING TWO ELECTRONS SUCCESSIVELY IS ÞEASIERÞ THAN TWO ELECTRONS AT A TIME�

/NE CAN CHECK THAT THIS LATTER FORMULA IS IN AGREEMENT WITH OUR CALCULATION IN THE LIMIT

a� 
�� 5SING THE IDENTITY
:


�

�

C~ *�

�
�~� � {

�

�
� ONE çNDS�

KHL
a�
�
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)
� $�

)
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�
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WHICH IS EXACTLY THE RENORMALIZATION FACTOR OBTAINED IN %Q� �����

����� 3ELF
CONSISTENT EXPRESSION OF THE RENORMALIZED *OSEPHSON
ENERGY

&INALLY� WE PROPOSE TO EXTEND THE RESULT ���� IN ORDER TO TAKE INTO ACCOUNT THE ÞSLAVE


BOSONÞ EdECT AS PREVIOUSLY DISCUSSED IN SECTION ����� 4HIS IS TENTATIVELY DONE BY SETTING THE

LOW FREQUENCY CUT
Od OF THE IMPEDANCE INTEGRAL AT $�

)
�]� 4HIS WAY OF REASONING LEADS TO THE

GENERAL� SELF
CONSISTENT EXPRESSION OF THE RENORMALIZED *OSEPHSON ENERGY�
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4HIS EXPRESSION CONTAINS ALL PREVIOUSLY OBTAINED RESULTS IN THE APPROPRIATE LIMITS�
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#HAPTER � %NVIRONMENTAL #OULOMB BLOCKADE OF THE *OSEPHSON EFFECT

#ONCLUSION

5SING PERTURBATIONAL AND VARIATIONAL APPROACHES� WE HAVE SHOWN THAT A *OSEPHSON JUNCTION

IN SERIES WITH AN IMPEDANCE BEHAVES AS AN EdECTIVE *OSEPHSON JUNCTION BUT WITH A DIdERENT

CURRENT
PHASE RELATION� 4HE CURRENT
PHASE RELATION IS NO LONGER SINUSOIDAL AND THE CRITICAL CUR


RENT IS REDUCED COMPARED TO THE BARE JUNCTION CRITICAL CURRENT� )N PARTICULAR� A HIGH
IMPEDANCE

ENVIRONMENT STRONGLY REDUCES ITS VALUE� 7E INTERPRET THIS EdECT AS AN ENVIRONMENTAL #OULOMB

BLOCKADE OF THE *OSEPHSON EdECT ANALOGOUS TO THE BLOCKADE OF THE CONDUCTANCE OBSERVED IN SIN


GLE NORMAL METAL TUNNEL JUNCTIONS� 2ECENT CALCULATIONS BASED ON THE RENORMALIZATION GROUP

AGREE WITH OUR INTERPRETATION� )N THE CASE OF A *OSEPHSON JUNCTION IN A SUPERCONDUCTING LOOP

PLACED IN A MAGNETIC çELD� THE COMPARISON WITH EXACT NUMERICAL CALCULATIONS CONçRMS THE

EXISTENCE OF A TRANSITION FROM A REGIME IN WHICH THE INNER âUX IS QUANTIZED IN UNITS OF âUX

QUANTUM h� TO A REGIME IN WHICH IT VARIES CONTINUOUSLY WITH THE APPLIED çELD� 4HE DISAPPEAR


ANCE OF QUANTIZATION IS DUE EITHER TO WEAK SCREENING CURRENTS OR LARGE QUANTUM âUCTUATIONS�

)NTRODUCING DISSIPATION IN THE SYSTEM TENDS TO SUPPRESS QUANTUM âUCTUATIONS AND THEREFORE

TO RESTORE âUX QUANTIZATION�

&INALLY� LET US MENTION THAT OUR PREDICTION OF AN ENVIRONMENTAL #OULOMB BLOCKADE OF THE

*OSEPHSON EdECT COULD BE EXPERIMENTALLY ADDRESSED BY MEASURING THE MAGNETIC SUSCEPTIBILITY

OF 2&
315)$S WITH ADEQUATE PARAMETERS� 4HE DIRECT MEASUREMENT OF THE MAXIMUM SUPER


CURRENT IN A CURRENT BIAS MODE WOULD NOT GIVE THE CRITICAL CURRENT BUT THE SWITCHING CURRENT

WHICH IS A STOCHASTIC QUANTITY SMALLER THAN THE CRITICAL CURRENT ;��=� AS DISCUSSED IN PREVIOUS

CHAPTER�
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Chapter 5 Charge detection and noise level in SETs

�eld sources is equivalent to an��o¤set� charge on the gate capacitor. Such a dependence of

single electron devices on o¤set charges actually ruins all the advantages that single electro-

nics could bring to digital electronics, at least within the framework of present day technology.

Indeed, o¤set charges are randomly distributed and subject to random changes in time. Even

assuming that o¤set charges can be compensated by applying tedious gate voltage corrections,

their unpredictably time dependence would de�nitely cause unrecoverable memory erasures

and calculation errors for the proposed digital circuits. More generally, o¤set charges which

a¤ect all the single electron devices operated up to now appear as one of the main practical

problems hindering the development of single electronics. For instance, o¤set charges limit the

error-free operation time of single electron pumps or the charge sensitivity of single electron

transistors (SETs) used as electrometers. These latter devices are actually perfectly suited to

investigate the time evolution of the o¤set charge of a single island. The subject of this chapter

is to give a closer view of SET characterization and of their use in high-sensitivity electrome-

try. We show experimental results that provide a reliable determination of the o¤set charge

levels of SETs fabricated on di¤erent substrates. We discuss their origin and the localization

of the �eld sources. Finally, we propose a possible application of the SET to the monitoring

of the trajectory of charged particles.

5.1 The SET as an electrometer

The operating principle of the single electron transistor [3] has been previously described

(see section 1.1). The relevant property for electrometry is the sensitivity of the output signal

(the voltage or current depending on the bias mode) with respect to the charge electrostatically

induced on the island. In the following,we consider only the case of a current biased although

charge measurements using voltage-biased SETs are possible as well (an example is provided

in the article reprinted in appendix 5-D).

For a given bias current I, the voltage V across the electrometer is periodically modulated

by the induced charge q1, the period being one electron on the island (see Fig. 5.4):

V (t) = V0(I) + f

µ
q (t)

e
; I

¶
(5.1)

1 The SET is the analogous for electrometry of the dc-SQUID for magnetometry [2]. Both devices have similar periodic
response functions and provide a sub-quanta detection accuracy. This similarity is not accidental but arises from a deeper
duality principle between charge and �flux (see Chapter 4).
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Measurement Method of the Antiproton Gravitational Mass

using the Single Electron Transistor.

V. Bouchiat*, G. Chardiny, M. H. Devoret*, D. Esteve*

¤Service de Physique de l'Etat Condens¶e

yService de Physique des Particules

CEN - Saclay, F-91191 Gif-sur-Yvette Cedex, France

Abstract

We propose a non destructive method to measure the trajectory of a single

antiproton in a drift tube using position sensors based on the Single Electron

Transistor. We show that this recently developed device has su±cient sensi-

tivity to detect the electric ¯eld of a moving charged particle. Comparison

of the trajectories of individual antiprotons and H¡ ions may allow a reliable

determination of the gravitational mass of the antiproton.

Hyperfine Interactions 109, 345, (1997).  
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Figure 1:  Schematic diagram of a voltage biased Single Electron Transistor. The
intermediate electrode between the two tunnel junctions is an ''island'' whose
charge is quantized in units of e. Rt and CJ are respectively the tunnel resistance

and the capacitance of each junction.  The gate voltage induces a polarization
charge on the island which modulates the current.

Figure 2 : Current modulation curves of a SET as a function of the gate voltage for
a temperature of 20 mK. The different curves correspond to a set of values of the

bias voltage V separated by 25 mV. The island capacitance is C=0.6 fF. The
maximum charge sensitivity is obtained at the working point O.
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Figure 3 : Schematic diagram of a charged particle position sensor based on a SET. The

SET measures the polarization charge dq induced by the charge q moving along the z

axis.
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Figure 4: (a) Expected dependence of the electrostatic coupling constant a

with the particle position z. The width w is of the order of the minimal

distance between the particle and the island. (b) Expected time dependence

of the current in three SETs distributed along a drift tube containing a

trapped antiproton moving back and forth between two reflectors. The effect

of gravity is deduced from the analysis of the passage times.
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Figure 5 : Sketch of the antiproton gravitational mass measurement based on SETs.

Antiprotons in a Penning trap are injected in a drift tube and move back and forth

between two reflectors. X and Y position sensors based on SETs are distributed along

the tube in order to monitor the trajectory.
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#HAPTER �

&ABRICATION TECHNIQUES

)NTRODUCTION

4HE DISCOVERY OF SINGLE ELECTRON CHARGING EdECTS AND OF OTHER NEW PHENOMENA IN MESOSCOPIC

PHYSICS RESULTS FROM THE ADVANCES OBTAINED DURING THE LAST �� YEARS IN THE FABRICATION OF

NANOSTRUCTURES� $URING THAT PERIOD� PHYSICAL PRINCIPLES WERE SELECTED AND PROCESSES WERE

OPTIMIZED IN ORDER TO REACH SMALLER DIMENSIONS� 4HESE RECENTLY DEVELOPED TECHNIQUES KEEP

SUbCIENT VERSATILITY TO ALLOW THE FABRICATION OF A WIDE RANGE OF STRUCTURES USING A WIDE RANGE

OF MATERIALS� !LMOST ALL THE FABRICATION OF NANOSTRUCTURES CAN BE SEPARATED IN TWO MAIN STEPS

WHICH ARE RESPECTIVELY THE PATTERNING OF THE STRUCTURE USING A MASK OBTAINED BY A WRITING

TECHNIQUE� AND THE DEPOSITION OF MATERIALS� 3INCE THE PATTERNING TECHNIQUE LIMIT THE RESOLUTION�

DEVELOPMENTS PRINCIPALLY OCCURRED IN THAT çELD� 4HE TWO WRITING TECHNIQUES RESPONSIBLE FOR

RECENT ADVANCES ARE THE 8
RAY LITHOGRAPHY AND THE ELECTRON BEAM LITHOGRAPHY WHICH BOTH

INVOLVE RADIATIONS WITH AN ASSOCIATED WAVELENGTH SO SHORT THAT DIdRACTION EdECTS DO NOT LIMIT

THE RESOLUTION� 7E PRESENT IN THE FOLLOWING THE TECHNIQUE OF ELECTRON BEAM LITHOGRAPHY AND ITS

ADAPTATION TO THE FABRICATION OF SINGLE ELECTRON �OR SINGLE #OOPER PAIR	 DEVICES�

!NOTHER RECENT TREND OF NANOSTRUCTURE FABRICATION WAS TO TAKE ADVANTAGE OF ADVANCES IN MI


CROSCOPY TO DEVELOP NEW PATTERNING PROCESSES� 4HE DISCOVERY OF PROXIMAL PROBE MICROSCOPIES

COMPOSED BY THE SCANNING TUNNELING MICROSCOPE ;�= AND FOLLOWED BY THE ATOMIC FORCE MICRO




#HAPTER � &ABRICATION TECHNIQUES

SCOPE �!&-	 ;�= THAT HAS SHOWN THAT IMAGING AT THE ATOMIC SCALE IS POSSIBLE� HAVE INSPIRED

MANY NEW WAYS FOR FABRICATING NANOSTRUCTURES ÝFROM BOTTOM TO TOPÞ� EVENTUALLY LEADING TO THE

DIRECT MANIPULATION OF SINGLE ATOMS ;�=� 7E PRESENT INTHE FOLLOWING� A GENERAL FABRICATION TECH


NIQUE USING THE ATOMIC FORCE MICROSCOPE TO FABRICATE STRUCTURES WITH A RESOLUTION COMPARABLE

WITH THOSE CURRENTLY OBTAINED USING ELECTRON BEAM LITHOGRAPHY�

��� %LECTRON BEAM LITHOGRAPHY

)N THE TECHNIQUE OF ELECTRON BEAM LITHOGRAPHY �%",	� A FOCUSED ELECTRON BEAM� EMITTED

FROM THE GUN OF AN ELECTRON MICROSCOPE� LOCALLY ALTERS A POLYMER RESIST� 4HE BEAM POSITION

IS MONITORED BY A COMPUTER IN SUCH A WAY THAT A PRECISE IRRADIATION DOSE IS DELIVERED ON THE

SAMPLE INSIDE THE DESIGNED PATTERN� "ETWEEN TWO AREA EXPOSURES� THE BEAM IS SHIFTED AWAY

FROM THE SAMPLE USING BEAM BLANKING� !FTER EXPOSURE IS COMPLETED� THE SAMPLE IS REMOVED

FROM THE MICROSCOPE AND PLACED IN A SPECIçC SOLVENT WITH A GREAT SOLUBILITY DIdERENCE BETWEEN

EXPOSED AND NON
EXPOSED AREAS� )N THE CASE OF POLYMETHYLMETHACRYLATE �0--!	 RESIST WHICH

IS A POSITIVE RESIST� THE EXPOSED AREAS ARE COMPLETELY REMOVED BY THE SOLVENT WHILE THE NON


EXPOSED ONES REMAIN UNAdECTED� 4HIS STRUCTURE FORMS A MASK WHICH CAN BE USED IN DIdERENT

FABRICATION PROCESSES� 4WO KINDS OF PROCESSES ARE GENERALLY EMPLOYED� )N THE çRST ONE� THIN

LAYERS OF INSULATING OR METALLIC MATERIAL ARE DEPOSITED ON TOP OF THE MASK PRIOR ITS REMOVAL IN

A SOLVENT �LIFT
Od TECHNIQUE� SEE &IG� ��� LEFT	� )N THE SECOND ONE� THE PATTERN GENERATED BY THE

HEIGHT CONTRAST BETWEEN EXPOSED AND NON
EXPOSED AREAS IS TRANSFERRED TO A LAYER UNDERNEATH

USING DRY ETCHING �ETCHING TECHNIQUE� SEE &IG� ��� RIGHT	� 4HE RESOLUTION REACHED BY %", IS NOT

LIMITED BY THE ELECTRON BEAM RADIUS NOR BY DIdRACTION BUT BY THE SCATTERING OF DECELERATING

ELECTRONS INSIDE THE RESIST RESULTING IN A PARTIAL EXPOSURE OF THE RESIST NEAR THE EXPOSED PATTERN�

4HIS BROADENING EdECT IS ESPECIALLY IMPORTANT NEAR LARGE EXPOSED AREAS WHERE ALL SMALL DETAILS

IN THE VICINITY MUST CONSEQUENTLY BE UNDEREXPOSED ACCORDING TO A POSITION
DEPENDENT EXPOSURE

DOSE CORRECTION� 3UCH A PROXIMITY EdECT MAKES %", A NON
STRAIGHTFORWARD TECHNIQUE FOR

COMPLEX PATTERNING� 3INCE THE SCATTERING DEPENDS ON THE ENERGY OF ACCELERATED ELECTRONS� THE

ACHIEVED RESOLUTION LIES BETWEEN �� NM FOR THE �� KE6 BEAM EMITTED OF A SCANNING ELECTRON

MICROSCOPE TO AROUND �� NM FOR THE HIGH ENERGY BEAM �AROUND ��� KE6	 GENERATED BY A

TRANSMISSION ELECTRON MICROSCOPE ;���= �


 ��� 
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Figure 6.1 Electron beam lithography.

Top: the digital-to-analog convertor in a PC monitors the X/Y deflection of an electron

microscope beam.

Bottom:  the two main post-processing sequences of an resist mask (white parts).

Left column: The height contrast is transferred onto a bottom layer by dry-etching.

Right column: The  developed resist is used as a mask through which the top layer is

evaporated. Traces of resist are finally removed in a solvent during the lift-off process.
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)N OUR LABORATORY� WE USE A �� KE6 ELECTRON BEAM GENERATED BY A CUSTOMIZED COMMERCIAL

SCANNING ELECTRON MICROSCOPE *%/, ���� 7ITH THIS APPARATUS IT IS ROUTINELY POSSIBLE TO ACCU


RATELY FABRICATE� USING TECHNOLOGY DESCRIBED IN THE FOLLOWING� LIFT
Od MASKS WITH A RESOLUTION

OF THE ORDER OF �� NM�

��� .ANOFABRICATION TECHNIQUES FOR SINGLE ELECTRON
DEVICES�

4HE OBSERVATION OF SINGLE ELECTRON CHARGING EdECTS IN METALLIC ISLANDS REQUIRES THE FABRICATION

OF SMALL ELECTRODES CONNECTED THROUGH ULTRASMALL TUNNEL JUNCTIONS� 7E HAVE SEEN IN PREVIOUS

CHAPTERS THAT THE TUNNEL JUNCTION SIZE DIRECTLY SETS AN UPPER LIMIT FOR THE OPERATING TEMPERATURE

OF A SINGLE ELECTRON DEVICE� -ORE PRECISELY� THE CAPACITANCE OF AN ALUMINUM
OXIDE TUNNEL

JUNCTION WITH TYPICAL A OVERLAP AREA OF ��� b ��� xL� IS OF THE ORDER OF � F&� REGARDLESS OF

THE JUNCTION TUNNEL RESISTANCE� 4HE ASSOCIATED CHARGING ENERGY CORRESPONDS TO A TEMPERATURE

OF � *� -EASURING SINGLE ELECTRON CHARGING EdECTS IN SUCH SAMPLES THUS REQUIRES TO COOL THE

SAMPLE DOWN TO TEMPERATURES 3 v ��� + WHICH ARE ROUTINELY OBTAINED IN A �(E 
 �(E DILUTION

REFRIGERATOR� 4HEREFORE� BOTH DESIGN AND FABRICATION OF THE TUNNEL JUNCTIONS� EVEN THOUGH THEY

REPRESENT ONLY TINY FRACTIONS OF THE WHOLE STRUCTURE� APPEAR AS CRITICAL�

"ECAUSE WE NEED� ABOVE ALL� DEVICES WITH WELL
CONTROLLED PARAMETERS� THE RELIABILITY OF THE

FABRICATION PROCESSES IS MORE IMPORTANT THAN THE ACHIEVED RESOLUTION� 4HE REQUIRED REPRO


DUCIBILITY IS OBTAINED USING A SUSPENDED MASK� WHICH ENSURES SELF
ALIGNMENT OF TUNNEL JUNCTION

ELECTRODES� )N THE çRST PART OF THIS CHAPTER� WE DESCRIBE THREE DIdERENT PROCESSES LEADING TO A

SUSPENDED MASK� THE WELL
KNOWN BILAYER AND TRILAYER PROCESSES� BASED ON %",� AND A NEW ONE

THAT USES ATOMIC FORCE MICROSCOPY�

/N THE OTHER HAND� THE çELD OF SINGLE CHARGE TUNNELING HAS NOW REACHED A STAGE IN WHICH

MORE COMPLEX STRUCTURES MUST BE FABRICATED TO OBSERVE NEW PROPERTIES� )N ORDER TO MEET THIS

DEMAND� WE HAVE DEVELOPED TECHNIQUES THAT IMPLEMENT FEATURES WHICH WERE IMPOSSIBLE TO

OBTAIN WITH CLASSICAL PROCESSES� !S AN EXAMPLE� WE ARE GOING TO SHOW HOW TO FABRICATE THREE

DIMENSIONAL STRUCTURES IMPLEMENTING VIAS� CROSSINGS� SHIELDED LINES FOR MICROWAVE TRANSMISSION�

RESISTORS AND CAPACITORS WITH OVERLAPPING ELECTRODES�
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Figure 6.2 Top left: Schematic diagram of a suspended "double-slit" shadow mask during a

two angle deposition of Aluminum (steps 1 and 3). The first deposited Al layer is oxidized

between the two depositions (Step 2).

Top right: cross section of the mask showing the two shifted wires resulting from the two

angle deposition through the same slit.

Bottom left: After lift-off of the mask, the remaining metallic strips overlap on a small

surface which forms the tunnel junction.

Bottom right: Contact AFM image of a typical sample showing the topography height

contrast due to both electrodes of the tunnel junction.
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��� 4HE SUSPENDED SHADOW MASK TECHNIQUE�

4HE SHADOW MASK TECHNIQUE IS A WIDELY SPREAD METHOD FOR FABRICATING SUB
MICRON METAL


LIC TUNNEL JUNCTIONS ;�= WHICH HAS BEEN USED SINCE THE BEGINNING OF SINGLE ELECTRONICS ;�= � 4HIS

TECHNIQUE IS DIRECTLY ADAPTED FROM THE LIFT
Od METHOD PRESENTED IN çGURE ���� THE ONLY DIF


FERENCE FROM THE BASIC LIFT
Od IS THE EXISTENCE BELOW THE MASK OF A SPACER WHICH IS ETCHED TO

PROVIDE AN UNDERCUT �SEE &IG� ���	� 4HUS THE MASK IS SUSPENDED OVER THE SUBSTRATE� )F THE

ANGLE OF EVAPORATION IS CHANGED BETWEEN TWO LAYER DEPOSITIONS� THE MASK EDGE SHADOWS ARE

SHIFTED �SEE &IG� ���	� A SINGLE SLIT IN THE MASK LEADS TO SEPARATE PROJECTED ELECTRODES� 4HE AN


GLES ARE ADJUSTED IN SUCH A WAY THAT TWO DEPOSITED ELECTRODES OVERLAP OVER A SMALL AREA� !

TUNNEL JUNCTION IS OBTAINED BY OXIDIZING THE çRST ALUMINUM LAYER PRIOR TO THE EVAPORATION OF

THE COUNTERELECTRODE� 4HE JUNCTION CAPACITANCE AND TUNNEL RESISTANCE CAN BE CONTROLLED INDE


PENDENTLY BY VARYING THE OVERLAP AREA AND OXIDATION PARAMETERS RESPECTIVELY �SEE APPENDIX

�
&	�

4HE THREE PROCESSES THAT WE HAVE USED FOR FABRICATING SUSPENDED MASKS ARE PICTURED IN

&IG� ���� 4HE çRST PROCESS IS CALLED ÞBILAYER PROCESSÞ BECAUSE IT INVOLVES TWO LAYERS OF POLYMER

RESISTS ;�= � 4HE SECOND IS CALLED ÞTRILAYER PROCESSÞ BECAUSE IT INVOLVES IN ADDITION A THIRD

INTERMEDIATE GERMANIUM LAYER WHICH FORMS THE MASK� 4HIS WAS THE çRST METHOD DEVELOPED FOR

FABRICATING SUSPENDED MASKS ;�= � %VEN THOUGH THESE TWO PROCESSES �BILAYER AND TRILAYER	 WERE

DESIGNED FOR %",� BOTH CAN BE ADAPTED TO ANY TYPE OF ÞWRITINGÞ WHICH GENERATES A HEIGHT

CONTRAST ON THE TOP LAYER� 7E SHOW BELOW HOW THE ATOMIC FORCE MICROSCOPE �!&-	 CAN BE

USED IN A TRILAYER PROCESS INSTEAD OF AN ELECTRON MICROSCOPE ;�= �

����� 4HE BILAYER PROCESS

4HIS IS UP TO NOW THE SIMPLEST PROCESS FOR FABRICATING SUSPENDED MASKS� 4WO LAYERS OF

POLYMER RESISTS ARE DEPOSITED USING SPIN
COATING ON AN OXIDIZED SILICON SUBSTRATE � SEE APPENDIX

!
� FOR ALL TECHNICAL DETAILS	� 4HE TOP LAYER IS MADE OF 0--! WHEREAS THE BOTTOM LAYER IS

MADE OF 0--!�-!!� WHICH HAS A GREATER SOLUBILITY IN THE DEVELOPER� 4HIS SOLUBILITY CONTRAST

CREATES A CAVITY BELOW THE MASK WITH AN UNDERCUT PROçLE� THUS ALLOWING ANGLE EVAPORATIONS�

0--! MASKS HAVE TWO FEATURES WHICH MAKE THEM IDEAL FOR THE MULTILAYER FABRICATION

PROCESS PRESENTED IN PART ����

�
COPOLYMER MADE OF POLYMETHYL METHACRYLATE AND METHACRYLIC ACID�
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island junction

undercut

Figure 6.3: Scanning electron micrographs detailing the trilayer process used in early

single Cooper pair device fabrication.

Top: etched germanium mask before deposition.  The bright zones surrounding the mask
edges corresponds to the undercut in the copolymer ballast layer generated by an

isotropic plasma etching.

Bottom: fully processed single Cooper pair box obtained after evaporation at three angles

through the germanium mask and final lift-off (dashed frame shown above).
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&IRSTLY� THE TWO LAYERS ARE ALMOST COMPLETELY TRANSPARENT TO SCANNING ELECTRON MICROSCOPE

ELECTRONS THUS ALLOWING ALIGNMENT OF THE EXPOSED PATTERN WITH RESPECT TO PREVIOUSLY FABRICATED

STRUCTURES� 3ECONDLY� THIS LITHOGRAPHY PROCESS CAN BE PERFORMED OVER IRREGULAR SURFACES BECAUSE

OF THE SMOOTHING PROPERTIES OF THE BOTTOM RESIST� A ��� NM
THICK BILAYER RESIST DEPOSITED ON

A SUBSTRATE WITH ��� NM DEEP HOLES AND SURFACE RESIDUAL RUGOSITY OF TYPICALLY �� NM GAVE A

SHARP LITHOGRAPHY WITHOUT ANY NOTICEABLE DISTORTION IN THE SHAPE OF THE DEPOSITED LAYERS �SEE

PICTURE ��� TOP PANEL	�

����� 4HE TRILAYER PROCESS

)N THIS PROCESS �SEE APPENDIX !
�	� A GERMANIUM LAYER IS INTERCALATED BETWEEN TWO POLYMER

LAYERS WITH COMPOSITION AND THICKNESSES SIMILAR TO THE BILAYER CASE� 4HE TOP 0--! LAYER IS

EXPOSED AS PREVIOUSLY DESCRIBED BUT THE DEVELOPED PATTERN IS TRANSFERRED TO THE GERMANIUM

MASK USING ANISOTROPIC PLASMA ETCHING� 4HE UNDERCUT WHICH IS NOT OBTAINED DURING THE DE


VELOPMENT OF THE TOP RESIST �BECAUSE OF THE PROTECTION PROVIDED BY THE GERMANIUM LAYER	 IS

REALIZED USING ISOTROPIC PLASMA ETCHING�

3INCE THE SUSPENDED MASK IS NOW MADE OF GERMANIUM� IT HAS AN INCREASED ROBUSTNESS COM


PARED TO 0--! MASKS� 4HIS IS CRUCIAL FOR THE FABRICATION OF COMPLEX PATTERNS WITH LONG

SUSPENDED BRIDGES �SEE çGURE ���	� )N PARTICULAR� IT HAS PROVEN TO BE USEFUL FOR FABRICATING

STRUCTURES REQUIRING THREE ANGLE EVAPORATION SUCH AS OUR çRST SINGLE #OOPER PAIR DEVICE DE


SCRIBED IN CHAPTER �� !NOTHER ADVANTAGE IS THAT THE MASK THICKNESS CAN BE STRONGLY REDUCED

COMPARED TO 0--! MASKS� WE HAVE SUCCESSFULLY USED �� NM
THICK 'E MASKS WHEREAS 0--!

MASK THICKNESSES EXCEED �� NM� 3INCE THE EVAPORATION ANGLE IS LIMITED BY THE THICKNESS OF THE

SHADOW MASK� THIN MASKS ALLOW DEPOSITIONS AT LARGER ANGLES AND THROUGH NARROWER SLITS�

����� !&-
BASED LITHOGRAPHY� AN ALTERNATIVE TO E
BEAM LITHOGRAPHY

4HE BASIC IDEA THAT GUIDED THIS WORK WAS TO CREATE A HEIGHT CONTRAST IN A RESIST LAYER

BY SCRATCHING IT WITH A SHARP !&- TIP� 7E TRIED SEVERAL RESISTS SUCH AS UNBAKED 0--!�

PHOTORESIST� BUT THE BEST RESULTS WERE OBTAINED WITH ULTRA
THIN LAYERS OF UNBAKED POLYIMIDE

WHICH HAS A SOFT� NON
STICKY SURFACE�

3INCE THE !&- TIP ALLOWS IMAGING AT THE NANOMETER SCALE� THE FURROW GENERATED BY ENGRAVING
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Figure 6.4: Comparison between three processes leading to a suspended shadow mask.

EBL processes involve irradiation of the resist by an electron beam whereas the process

depicted in right involves engraving with an atomic force microscope.
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THE POLYIMIDE LAYER IS EXPECTED TO HAVE A WIDTH IN THE SAME RANGE� 4HIS IS ACTUALLY THE CASE

BUT THE ACHIEVED RESOLUTION �OF THE ORDER OF �� NM	 CRITICALLY DEPENDS ON THE TIP QUALITY WHICH

IS DETERMINED BY THE SHARPNESS OF ITS APEX�

7E HAVE ADAPTED THE TRILAYER PROCESS DESCRIBED ABOVE AND SUCCESSFULLY FABRICATED SINGLE

ELECTRON DEVICES� 4HESE DEVICES PRESENT THE SAME CHARACTERISTICS AS DEVICES FABRICATED USING

CONVENTIONAL ELECTRON BEAM LITHOGRAPHY� 4HIS PROCESS IS DESCRIBED IN THE LETTER REPRINTED IN

APPENDIX �
"� WHICH REPORTS THE FABRICATION OF NARROW LINES AND OF SINGLE ELECTRON TRANSISTORS�

#OMPARED TO %",� THE !&-
LITHOGRAPHY HAS TWO ADVANTAGES� &IRSTLY� IT AVOIDS DAMAGING THE

UNDERLYING STRUCTURE WITH HIGH ENERGY ELECTRONS� )N PARTICULAR� HETEROJUNCTIONS IN SEMICON


DUCTORS HAVE BEEN REPORTED ;��= TO BE SENSITIVE TO E
BEAM IRRADIATION� 3ECONDLY� SINCE !&-

IMAGING IS AN INTRINSICALLY LOW
COST TECHNOLOGY� !&-
LITHOGRAPHY OPENS THE REALM OF NANOFAB


RICATION TO A LARGER NUMBER OF LABORATORIES� 4HE VERSATILITY OF OUR PROCESS IS FURTHER ILLUSTRATED

ON çGURE ��� WHICH SHOWS LINES WITH A VARIABLE WIDTH OBTAINED BY LATERALLY SWEEPING THE TIP

DURING ENGRAVING� &IGURE ��� SHOWS THE ALIGNMENT OF !&-
FABRICATED DEVICES OVER A PREVIOUSLY

FABRICATED STRUCTURE CONSISTING OF GOLD CONNECTING WIRES� 4HE ALIGNMENT ACCURACY IS ABOUT HALF

A MICRON�

4O CONCLUDE WITH THIS NEW FABRICATION METHOD� WE BELIEVE THERE IS ROOM FOR A GAIN IN

RESOLUTION SINCE WE HAVE ENGRAVED ONLY A FEW TYPES OF RESISTS WITH COMMERCIALLY AVAILABLE TIPS�

3INCE STRONGLY SHARPENED TIPS SUCH AS THOSE VERY RECENTLY OBTAINED BY $AI ET AL� ;��= FOR WHICH

A SINGLE CARBON NANOTUBE IS STUCK ON THE APEX� BECOMES AVAILABLE� ONE SHOULD EXPECT TO OBTAIN

NARROWER FURROWS� /N THE OTHER HAND� THE UNDERSTANDING OF THE INTERACTION BETWEEN THE TIP AND

THE SURFACE AND� MORE GENERALLY� OF TRIBOLOGY AT THE NANOMETER SCALE MIGHT LEAD TO SIGNIçCANT

IMPROVEMENTS�
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Figure 6.6: SEM micrograph of three single electron transistors fabricated by AFM lithography.

These devices are aligned with respect to a pre-fabricated gold circuitry made by optical

lithography.  The picture shows the alignement accuracy (about half-a-micron) which is

currently limited by the hysteresis of the piezo actuators monitoring the tip position.

Figure 6.5 Left: AFM micrograph of a furrow engraved in soft polyimide. The broadened

extremities were obtained by sweeping the tip lateraly during engraving.

Right: SEM micrograph of the Aluminum wire presenting a variable width. It was obtained

after processing the sample which profile is shown in left.
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����� #OMPARISON BETWEEN THE THREE PROCESSES�

4HE FOLLOWING TABLE PROVIDES A COMPARISON BETWEEN THE THREE PROCESSES� %",
BILAYER� %",


TRILAYER AND !&-
TRILAYER� DETAILING FOR EACH PROCESS ITS RESPECTIVE PROS AND CONS�

Bilayer technique Trilayer technique AFM engraving

Advantages

Drawbacks

-simplest technique
-quick and versatile
-allows easy and precise
alignment above
prefabricated samples
-fabrication possible on
top of corrugated
surfaces

-very robust suspended
mask
-reduced proximity
effect
-allows very large
undercut (up to several
microns)

-fragile mask, not
suitable for complex
structures

-proximity effect along
with e-beam exposure
-small undercut

-time consuming
technique

-substrate polluted
during dry etching

-no e-beam exposure

-instant, non destructive
AFM-imaging of the
engraved structure.

-critical processing time
during development

-patterning of large
surfaces is impossible

4ABLE ���� #OMPARISON BETWEEN THE THREE PROCESSES LEADING TO A SUSPENDED SHADOW MASK�

��� -ULTILAYER FABRICATION

5NTIL NOW� SINGLE ELECTRON DEVICES ARE STILL MAINLY FABRICATED BY DIRECTLY DEPOSITING METALLIC

LAYERS ON AN INSULATING SUBSTRATE THROUGH A SHADOW MASK IN A SINGLE PUMP DOWN �SEE FOR

EXAMPLE THE çRST FABRICATED SINGLE #OOPER PAIR BOX IN &IG� ��� BOTTOM PANEL	� %XCEPT FOR

THE OVERLAPPING TUNNEL JUNCTIONS� THE RESULTING STRUCTURE HAS A TWO DIMENSIONAL TOPOLOGY� THE

ELECTROSTATIC COUPLING BETWEEN ELECTRODES TAKES PLACE THROUGH PLANAR CAPACITORS WHICH HAVE

INTRINSICALLY SMALL CAPACITANCES AND RELATIVELY LARGE CROSS
TALK� /N THE OTHER HAND� WIRES CANNOT

CROSS WITHOUT CONTACTING EACH OTHER� WHICH SEVERELY CONSTRAINS THE CIRCUIT DESIGN� 4HUS MORE

COMPLEX DESIGNS REQUIRE MULTILAYERED STRUCTURES IN WHICH CONDUCTIVE LAYERS ARE SEPARATED BY

INSULATING ONES ;��= � 2ESTORING THE THIRD DIMENSION HAS THE GREAT ADVANTAGE TO RELAX TOPOLOGICAL

CONSTRAINTS� (OWEVER� IF ONE WANTS TO RECOVER ALL THE FEATURES OF A THREE DIMENSIONAL NETWORK

COMPOSED OF TUNNEL JUNCTIONS� CAPACITANCES AND CONNECTIONS� CONTACTS BETWEEN CONDUCTING

LAYERS MUST BE IMPLEMENTED BY PIERCING VIAS THROUGH INSULATING LAYERS �SEE &IG� ���	�

7E PRESENT HERE TWOMETHODS FOR MULTILAYER FABRICATION SPECIALLY DEVELOPED IN OUR LABORATORY
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electrometer

Cooper pair box

VIAS

CROSSING

Figure 6.8: Example of a multilayered device showing implementation of crossings

and vias: schematic diagram showing the principles (top) and scanning electron

micrograph of the ccrresponding fabricated sample (bottom). The device is a single

Cooper pair box capacitively coupled to an electrometer measuring the island charge.
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FOR SINGLE #OOPER PAIR DEVICES �SEE #HAPTERS � AND �	� )N THESE METHODS� THE CHOSEN INSULATOR

IS RESPECTIVELY AN ORGANIC MATERIAL �POLYIMIDE POLYMER RESIST	 OR INORGANIC MATERIAL �SILICON

NITRIDE	� )N PARTICULAR� THE FABRICATION OF SMOOTH
EDGED VIAS REQUIRES A SPECIçC PROCESS�

����� 0RINCIPLES OF THE PROCESS

)N A SINGLE ELECTRON DEVICE� ONLY TUNNEL JUNCTIONS AND ISLANDS REQUIRE SUB
MICRON FABRICATION�

/UR IDEA WAS TO SEPARATE THESE COMPONENTS REQUIRING THE BEST RESOLUTION PROVIDED BY E
BEAM

LITHOGRAPHY FROM OTHERS WHICH HAVE LESS CRITICAL RESOLUTION REQUIREMENTS SUCH AS GATE CAPACI


TANCES AND CONNECTING CIRCUITRY� 7E THEREFORE DECIDED TO FABRICATE THE LATTER COMPONENTS ON A

SEPARATE LAYER USING STANDARD ULTRA
VIOLET OPTICAL LITHOGRAPHY WHICH HAS THE GREAT ADVANTAGE

TO PROCESS MANY SAMPLES ON A SINGLE SILICON WAFER ÞIN PARALLELÞ� %LECTRON BEAM LITHOGRAPHY

IS ON THE CONTRARY BASICALLY A ÞSERIALÞ FABRICATION TECHNIQUE� SINCE THE BEAM SCANS ALL THE EX


POSED ZONES LINE AFTER LINE� &OR THE EXPOSURE OF LARGE AREAS SUCH AS CONNECTING PADS� %", IS A

TIME CONSUMING METHOD� WHICH MOTIVATED OUR DECISION TO REPLACE IT BY AN OPTICAL LITHOGRAPHY

STEP�

4HE MAIN STEPS OF OUR HYBRID /PTICAL�%",MULTILAYER PROCESS� DESCRIBED IN THE FOLLOWING� ARE

SKETCHED IN &IG� ���� 4HE CORRESPONDING TECHNICAL PROCEDURES ARE DETAILED IN APPENDIX �̀ #�

7E çRST PATTERN ON A WHOLE �
INCHES SILICON OXIDIZED WAFER AND USING LIFT
Od OPTICAL LITHOGRAPHY�

A CIRCUITRY CONSISTING OF GOLD LEADS �STEP �	� 7E COVER THE SAMPLE WITH AN INSULATING RESIST �STEP

�	 WHICH WILL SEPARATE THE UPPER CONDUCTIVE LAYER FROM THE LOWER ONE AND PROVIDES A PLANAR

LAYER OF TYPICAL RUGOSITY LESS THAN ��NM FOR THE FOLLOWING METAL DEPOSITIONS� 4HE VIAS TO THE

GOLD CIRCUITRY ARE FABRICATED ACCORDING TO THE FOLLOWING SEQUENCE� WE OPTICALLY PATTERN SMALL

WINDOWS ALIGNED OVER THE GOLD WIRES �STEP �	� 4HE RESULTING PHOTORESIST MASK IS ETCHED AND

HOLES ARE OPENED IN THE INSULATOR WITH DIAMETER � xM �STEP �	� 7E THUS UNCOVER THE GOLD LEAD

EXTREMITIES EXCEPT FOR THE GATE CAPACITANCES �SEE &IG� ����A	� 7E THEN PERFORM AN ELECTRON


BEAM LITHOGRAPHY USING A STANDARD BILAYER PROCESS �STEPS � AND �	� 4HE TOP LEVEL WHICH CONSISTS

OF ELECTRODES AND TUNNEL JUNCTIONS IS FABRICATED USING DOUBLE
ANGLE EVAPORATION OF ALUMINUM

THROUGH A SHADOW MASK �STEP �� &IG ����C	� *UNCTIONS WITH TYPICAL SIZE ���b��� xM� ARE

OBTAINED �SEE çNAL ASPECT IN &IG ����C AND &IG� ���� BOTTOM PANEL	�
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MAA ballast

e-beam resist (PMMA)

Step 5

Step 3

photoresist

Smooth-edged

Step 1

Step 6

Step 4

Step 2

Via : Al/Au contact

Step 7: Final aspect

Buried gate

electrode

Insulating resist

(400 nm thick)

oxidized silicon substrate

Gold circuitry (50 nm thick)

Al/AlOx/Al tunnel

junction

etched hole through

polyimide

metal deposition

Figure 6.9: Processing sequence for the multilayer technique.

Step 1) pre-fabrication of the connecting circuitry and capacitor bottom electrodes on a

oxidized silicon wafer: UV lithography, gold deposition and lift-off.

Step 2) deposition of the insulating layer (polyimide or silicon nitride).

Step 3) aligned UV lithography of the via pattern.

Step 4) holes etching in the insulating layer for fabrication of vias.

Step 5) Bilayer resists spin coating and baking for EBL.

Step 6) EBL step: electron beam exposure and development of the suspended mask.

Step 7) Deposition of the islands, tunnel junction and gate capacitor counterelectrodes.
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c)

a)

b)

Figure 6.10: Scanning electron micrographs of a typical multilayered sample fabricated

using  polyimide as the insulating layer, and observed at different fabrication steps.

a) Sample at step 4 showing the smooth edged holes pierced through the insulator

uncovering gold leads for vias fabrication.

b) Sample at step 6 showing the aligned bilayer mask suspended over the polymide

(partly damaged during the SEM observation).

c) Fully processed sample: The device at bottom right (enlarged in figure 6.13) is a

single electron transistor measuring the charge of a single Cooper pair box (top left)

with its long, "T"-shaped island.
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c)

Figure 6.11: Scanning electron micrographs of holes pierced through the insulating layer

showing the problems encountered for via fabrication.

a) Dry-etched hole in silicon nitride: the vertical edges obtained even using isotropic

etching in a high pressure plasma will not preserve the electrical continuity of further

metalic layer deposited on top.
b) Holes of the previous sample after exposure in a diluted solution of fluoridric acid:

The profile is less steep but the remaining sharp edges make this technique not suitable

for via fabrication.

c) Dry-etched hole in polyimide. The smooth profile of the photoresist is transferred

during the dry-etching thus preserving the electrical contact of the layer deposited on top.
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#HAPTER � &ABRICATION TECHNIQUES

����� $EPOSITION OF INSULATING LAYERS

!S PREVIOUSLY MENTIONED� WE HAVE TRIED TWO KINDS OF INSULATING LAYERS SELECTED FOR THEIR

GOOD INSULATING PROPERTIES� POLYIMIDE AND SILICON NITRIDE� $EPOSITION OF THESE LAYERS REQUIRES

COMPLETELY DIdERENT PROCESSES THAT ARE DETAILED IN APPENDIX �̀ #� "OTH MATERIALS HAVE THE

SAME DIELECTRIC CONSTANT �
Q
{ ��� AND THE DEPOSITED LAYERS LEAD TO HIGH BREAKDOWN VOLTAGES�

POLARIZATION WITH VOLTAGES UP TO SEVERAL VOLTS ACROSS HALF
MICRON
THICK LAYER DOES NOT LEAD TO

ANY DAMAGE FOR THE DEVICE� &URTHERMORE� HALF
MICRON THICKNESSES OF POLYIMIDE ARE SUbCIENT

TO PLANARIZE THE SURFACE� THUS ERASING THE HEIGHT CONTRAST GENERATED BY THE BOTTOM CONDUCTIVE

LAYER �SEE &IG� ���� TOP PANEL	� 3UCH A GOOD PLANARIZATION CANNOT BE OBTAINED WITH SILICON

NITRIDE DEPOSITED EITHER USING A CHEMICAL VAPOR DEPOSITION PROCESS� OR BY PLASMA SPUTTERING

�SEE &IG� ���� BOTTOM PANEL	�

! KEY POINT WHEN ONE INTRODUCES NEW INSULATORS IN SINGLE ELECTRON DEVICE FABRICATION IS TO

CHECK THAT THE CHARGE NOISE GENERATED BY THESE MARERIALS IS LOW ENOUGH� 7E HAVE FOUND THAT

POLYIMIDE AND SILICON NITRIDE ARE ÝQUIETÞ INSULATORS IN THE SENSE THAT THEY DO NOT INCREASE THE

NOISE LEVEL OF AN ELECTROMETER WHEN COMPARED TO CONVENTIONALLY FABRICATED SAMPLES ON SILICA�

A COMPLETE DISCUSSION OF THIS ISSUE IS GIVEN IN #HAPTER ��

����� &ABRICATION OF VIAS

6IA FABRICATION IMPLIES THE PIERCING OF THE INSULATING LAYER IN PRECISELY LOCATED PLACES IN

ORDER TO CONNECT THE TWO CONDUCTIVE LAYERS� 3INCE CONTACTS BETWEEN CONDUCTIVE LAYERS ARE MADE

BY THIN EVAPORATED METALIC STRIPS THROUGH HOLES OF �
xM RADIUS� THE ELECTRICAL CONNECTION IS

NOT STRAIGHTFORWARD� 4O ENSURE ELECTRIC CONTINUITY BETWEEN LAYERS� THE HOLES MUST HAVE SMOOTH

EDGES AND BE CLEAN IN THE BOTTOM� 3UCH SMOOTH EDGED HOLES WERE ONLY OBTAINED USING POLYIMIDE

LAYERS �SEE &IG� ���� BOTTOM PANEL AND PROCESS DETAILS IN APPENDIX �
#	 DESPITE NUMEROUS TRIALS

OF SILICON NITRIDE ETCHING PROCESSES �SEE &IG� ���� TOP AND MIDDLE PANELS	� /NE
MICRON
WIDE

HOLES ARE PIERCED THROUGH POLYIMIDE THUS UNCOVERING THE BOTTOM GOLD CONNECTING CIRCUITRY�

4HIS GOLD SURFACE IS THEN CLEANED BY ARGON ION
MILLING PRIOR TO DEPOSITION OF THE BILAYER RESIST

FOR SUBSEQUENT ELECTRON BEAM LITHOGRAPHY�

�
4ECHNICAL SUPPORT FROM "ALZERS IS GRATEFULLY ACKNOWLEDGED FOR PROVIDING US THE #6$ DEPOSITED SILICON NITRIDE SAMPLES
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Figure 6.12: Pictures showing alignments results performed at both optical lithography and electron

beam lithography stages.

Top: UV lithography alignment. scanning electron micrograph of a sample for multilayer fabrication

shown at step 4 (left) and its corresponding schematic drawing (right): the alignment accuracy of

the patterned hole with respect to the lead is about half a micron. Notice the alignment marks

which are used for this alignment and also during EBL to position the SET device with respect to

the structure underneath.

Bottom: EBL alignment. Scanning electron micrograph of a multilayered single electron transistor

after full process: Tunnel junctions are shown the two bright dots. The alignment accuracy of the

top structure (island in the center of the picture) with respect to the bottom gold layer (blurred bright

finger) is better than 0.2 mm).
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4HE RESPECTIVE ADVANTAGES AND DRAWBACKS OF THE TWO KINDS OF INSULATORS ARE SUMMARIZED IN

THE FOLLOWING TABLE�

must be annealed at 350°C

too soft for enabling

ultrasonic bonding.

Advantages

Drawbacks

  Insulating layer PolyimideSilicon nitride (Si3N4)

hard insulator with high

breakdown field

low residual rugosity

suitable for ultrasonic bonding

easy to spin
provides good planarization
isotropic dry-etching gives
smooth edges suitable for
vias.

sharp edges when etched

(not suitable for via

fabrication)

no planarization

4ABLE ����� #OMPARISON BETWEEN THE TWO MATERIALS TESTED AS INSULATING LAYERS�

����� !LIGNMENTS OF LAYERS

-ULTILAYER FABRICATION REQUIRES ACCURATE ALIGNMENT OF LAYERS WITH RESPECT TO EACH OTHER AT

EACH DEPOSITION STEP� 4HE ACCURACY DEPENDS ON THE DEVICE PARTS� HALF
MICRON ACCURACY IS

SUbCIENT FOR ALIGNING VIA HOLES OVER THE GOLD CIRCUITRY �SEE &IG ���� TOP RIGHT	� 4HEREFORE THIS

ALIGNMENT CAN BE PERFORMED USING THE MICROMETRIC SCREW OF THE 56 LITHOGRAPHY MASK ALIGNER

�SEE &IG ���� TOP PANEL	� &OR THE TOP LAYER HOWEVER� ONE MUST ALIGN THE SINGLE ELECTRON DEVICE

ABOVE THE GATE ELECTRODE WITH THE BEST RESOLUTION AVAILABLE� 4HIS LAST LAYER BEING FABRICATED

USING ELECTRON BEAM LITHOGRAPHY� THE ALIGNMENT PROCEDURE IS NOT STRAIGHTFORWARD SINCE ONE

CANNOT IMAGE THE SAMPLE WITHOUT EXPOSING THE RESIST� 4HIS ALIGNMENT IS PERFORMED IN TWO

STEPS� &IRST� A COARSE MECHANICAL ALIGNMENT IS PROVIDED� THE SAMPLE IS SHIFTED AWAY FROM THE

CENTER OF THE ELECTRON BEAM COLUMN AND THE CENTER POSITION IS CALCULATED AFTER MEASUREMENTS

OF THE COORDINATES OF PRE
ALIGNMENT CROSSES AT THE SAMPLE EDGES� 4HE AVERAGE ACCURACY OF

THIS ALIGNMENT STEP IS ABOUT � xM� 4HE SECOND STEP CONSISTS IN IMAGING ALIGNMENT CROSSES BY

SCANNING SMALL AREAS AT THE EDGES OF THE EXPOSURE çELD�� 3INCE THE SAMPLE HAS BEEN PRE
ALIGNED�

CROSSES ARE FOUND INSIDE THE IMAGING çELD �WITH ABOUT � xM MISALIGNMENT	� 4HE RELATIVE

�
4HIS PRECISE ALIGNMENT IS PERFORMED USING THE 0ROXY
WRITER ALIGNMENT PROCEDURE DEVELOPPED BY 2AITH 'MB(�
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Figure 6.14  AFM (left column) and SEM (right column) micrographs of two fully processed multilayer single

electron devices using respectively polyimide (top panel) and silicon nitride (bottom panel) as insulating layers.

 Vias with smooth edges could be only implemented using polyimide whereas "buried" gates electrodes

(diagonal fingers) have been fabricated using both techniques. These 5 0nm-thick electrodes have almost

completly dissapeared on the AFM image (top left) for the polyimide sample thus showing the perfect

planarization provided by spin-coating of a half-micron-thick polyimide layer. For the same thickness of

sputtered silicon nitride, no planarization effect is observed, as showed in bottom left picture.

µm4

AFM

AFM

SEM

SEM
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On-chip

capacitance

 (1 nF range)

dielectric 1 (deposited Si3N4)

dielectric 2 (Silicon oxide)

Figure 6.15. Drawings showing the integration of shielded lines on-chip

approximating a coaxial line,  (schematics in left): The insulator above the strip-line

is the insulating layer whereas the oxidized silicon substrate plays the role of the

bottom insulator.

to bias and

measuring apparatuses

resistiv
e A

u w
ire

 (1
W/square)

Ultrasonic bonding

Insulating layer (silicon nitride)to the

single electron device

R

C

Figure 6.16. Controling the electromagnetic environment of single electron devices

requires  implementing dissipative elements very near the tunnel juntions. The

picture shows how can overlap capacitors and strip line resistors can be integrated on-

chip.
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MISALIGNMENT IS MEASURED FOR THE FOUR CROSSES AND THE BEAM
MONITOR COMPUTER CALCULATES

BOTH TRANSLATION AND ROTATION CORRECTIONS IN ORDER TO PROPERLY SHIFT THE ELECTRON BEAM DURING

EXPOSURE� 3UCH A çNE GEOMETRIC COMPENSATION PERFORMED BY THE DIGITAL TO ANALOG BOARD IS

EbCIENT ONLY IF ONE IMAGES THE ALIGNMENT MARKS WITH THE SAME CURRENT AS FOR THE EXPOSURE

SINCE THE ELECTRON BEAM SHIFTS WITH THE CURRENT� 4HE OVERALL ALIGNMENT ACCURACY IS THEN OF THE

ORDER OF ��� NM �SEE &IG� ���� BOTTOM PANEL	�

����� #USTOMIZING THE ELECTROMAGNETIC ENVIRONMENT

-ULTILAYER FABRICATION ALSO PROVIDES THE OPPORTUNITY TO INTEGRATE ON
CHIP COMPONENTS SUCH

AS OVERLAP CAPACITORS AND RESISTANCES VERY CLOSE TO TUNNEL JUNCTIONS� 3UCH COMPONENTS ALLOW

THE CONTROL OF THE ELECTROMAGNETIC ENVIRONMENT OF SINGLE ELECTRON DEVICES� #APACITORS WITH UP

TO � MM� AREA YIELDING TO A CAPACITANCE OF z ��� O% HAVE BEEN REALIZED� /N THE OTHER HAND�

RESISTORS IN THE RANGE �
���� l� VERY CLOSE TO ISLANDS HAVE BEEN OBTAINED� !S AN EXAMPLE�

2# CIRCUITS �SEE &IG� ����	 WERE USED TO OBTAIN LARGE SWITCHING CURRENTS IN SMALL *OSEPHSON

JUNCTIONS �SEE #HAPTER �	� $RAWINGS OF &IG� ���� ALSO ILLUSTRATE THE FABRICATION OF SHIELDED LINES

CONSISTING OF A STRIP LINE SURROUNDED BY GROUND ELECTRODES� 3UCH LINES HAVE BEEN USED TO APPLY

MICROWAVE SIGNALS ON GATE ELECTRODES �SEE #HAPTER �	�

����� &UTURE POSSIBLE APPLICATIONS OF MULTILAYER FABRICATION

4HIS MULTILAYER LAYER TECHNIQUE IS ALSO PROMISING FOR THE FABRICATION OF COMPLEX STRUCTURES

REQUIRING COUPLING OVERLAP CAPACITORS� !MONG THEM� ONE CAN MENTION THE MULTIJUNCTION SINGLE

#OOPER PAIR PUMPS WITH GATE CAPACITORS ADDRESSING ONE COLUMN AT A TIME �SEE &IGURE ����	�

)N ALL THE MULTILAYER PROCESSES MENTIONED ABOVE� THE TUNNEL JUNCTIONS SIT ON THE TOP LEVEL�

!N IMPROVEMENT OF THIS MULTILAYER TECHNIQUE WOULD BE TO IMPLEMENT TUNNEL FABRICATION ON

DIdERENT LEVELS� 3UCH A PROJECT RAISES SEVERAL PROBLEMS� )T IS WELL KNOWN THAT METAL OXIDE

TUNNEL JUNCTION CANNOT BE EXPOSED TO THE ELECTRON BEAM OF A 3%- WITHOUT RISKING SEVERE

DAMAGES� �SUCH AS SHORTS	� 4HEREFORE� IT SEEMS DIbCULT TO PERFORM A NEW ELECTRON BEAM

LITHOGRAPHY STEP WITHOUT DESTROYING THE JUNCTIONS OF THE PREVIOUSLY FABRICATED LAYERS� 4HE

!&-
BASED LITHOGRAPHY� WHICH CIRCUMVENTS THIS PROBLEM� MIGHT ALLOW FABRICATION OF MULTI

TUNNEL JUNCTION LAYERS�

�
!&- IMAGING� ON THE CONTRARY� DOES NOT LEAD TO ANY NOTICABLE JUNCTION DAMAGE
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Figure 6.17. Schematic diagram of a superconducting pump composed of a series of k single-

Cooper pair pump in parallel, each pump being composed by n ultrasmall Josephson junction in

series. If the circuit is operated with gate voltages Vi  clocked at frequency f with relative

phase     2p /i (where 0  i  n), then the net supercurrent flowing through the whole device is

expected to be equal to : I=k(2e)f.

vias

crossing
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#ONCLUSION
.EW CONTRIBUTIONS TO NANOSTRUCTURE FABRICATION

7E HAVE PRESENTED HERE ALL THE PROCESSES INVOLVED IN THE FABRICATION OF THE NANOSTRUCTURES

DISCUSSED IN THIS THESIS� !PART FROM THE STATE
OF
THE
ART TECHNIQUES THAT HAVE BEEN MODIçED TO

FULçLL OUR SPECIçC NEEDS� SOME NEW RESULTS HAVE BEEN OBTAINED�

q 3INGLE ELECTRON DEVICES HAVE BEEN SUCCESSFULLY FABRICATED USING A NEW FABRICATION TECHNIQUE

BASED ON THE !&-� THUS AVOIDING THE USE OF ELECTRON BEAM LITHOGRAPHY� 4HE PRESENT LATERAL

RESOLUTION OBTAINED IS �� NM�

q -ULTILAYER SINGLE ELECTRON DEVICES HAVE BEEN OBTAINED USING ORGANIC AND INORGANIC INSU


LATING LAYERS�

q 6IAS AND CROSSINGS HAVE BEEN SUCCESSFULLY INCORPORATED� THUS PROVIDING A LARGE DESIGN

âEXIBILITY� 4HE IMPLEMENTATION OF OVERLAP CAPACITORS INCREASES THE COUPLING CAPACITANCE BY

TYPICALLY A FACTOR �� WITH RESPECT TO A PLANAR GEOMETRY AND LEADS TO A CROSSTALK REDUCED TO

LESS THAN �� ��

q 4HE MULTILAYER SINGLE ELECTRON TRANSISTORS HAVE SHOWN NO SIGNIçCANT INCREASE OF THE CHARGE

NOISE LEVEL �SEE #HAPTER �	�

q 3AMPLES WITH SHIELDED GATES FOR MICROWAVE EXCITATION HAVE BEEN REALIZED�

q ! CONTROLLED ELECTROMAGNETIC ENVIRONMENT FOR THE SINGLE ELECTRON DEVICES HAVE BEEN IM


PLEMENTED USING CUSTOMIZED CAPACITORS AND RESISTORS VERY CLOSE TO THE DEVICE�
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!PPENDIX OF CHAPTER �

!00%.$)8 �`!
4ECHNICAL DATA FOR SHADOW MASK FABRICATION

�
0REPARATION OF "ILAYER RESIST SAMPLES
q 2ESIST DEPOSITION

Ô BOTTOM LAYER� COPOLYMER POLYMETHYL
META
ACRYLATE�META
ACRYLATE ACID �0--!�-!!	 DILUTED AT
�� G�L`� IN �
ETHOXYETHANOL� çLTERED WITH ��� xM TEâON çLTERS

c ! SPIN AT ���� RPM DURING �� S GIVES A ��� NM THICK BALLAST� DRY AT ���p# FOR � MINUTE�
Ô TOP LAYER� POLY
METHYL
META
ACRYLATE 0--! �MOLECULAR WEIGHT ���+	 ��G�L`� IN -)"+� ��� xM

çLTERED WITH TEâON çLTERS�
SPIN AT ���� RPM DURING �� S BAKE AT ���p# FOR �� MINUTES�

q %LECTRON BEAM EXPOSURE

Ô %LECTRONS ACCELERATED BY A VOLTAGE OF �� K6� STANDARD DOSE � P#�xM�

q DEVELOPMENT

Ô DEVELOP FOR �� S IN A SOLUTION OF -)"+�METHYL
ISOBUTYL
BUTYL
KETONE	 DILUTED AT ��� VOL� IN
PROPANOL
��

Ô RINSE IN PROPANOL
��

�
0REPARATION OF TRILAYER RESIST SAMPLES
q BALLAST DEPOSITION

Ô COPOLYMER 0--!�-!! �� G�L`� IN �
ETHOXYETHANOL� ��� xM çLTERED WITH TEâON çLTERS�
Ô ! SPIN AT ���� RPM DURING ��S GIVES A ���NM THICK BALLAST�

BAKE ON HOT PLATE AT ���p# FOR �� MINUTES�
q GERMANIUM DEPOSITION

Ô ��
�� NM OF GERMANIUM ARE THERMALLY EVAPORATED ON TOP �RATE ��� NM�S	�
q TOP LAYER ELECTRON SENSITIVE DEPOSITION

Ô 0--! �MOLECULAR WEIGHT ���+	 �� G�L`� IN -)"+� çLTERED�
SPIN AT ���� RPM DURING �� S BAKE ON HOT PLATE AT ���p# FOR �� MINUTES�

q ELECTRON BEAM EXPOSURE

Ô ALMOST THE SAME DOSE AS FOR THE BILAYER RESIST�
q WET DEVELOPMENT

Ô DEVELOP FOR �� S IN A SOLUTION OF CELLOSOLVE �COMMERCIAL NAME OF GLYCOL
ETHYL
MONOETHYL
ETHER	 DILUTED
AT ��� VOL� IN METHANOL

Ô RINSE IN PROPANOL
��
q DRY ETCHING

Ô PLASMA ETCHING OF THE GERMANIUM� 3&� � SCCM �b��`� MBAR ��7 DURING APPROX� ��
�� S�
Ô PLASMA ETCHING OF THE COPOLYMER LAYER� /� �� SCCM �b��`� MBAR ��� 7 DURING �
�� MIN�

q UNDERETCH� � POSSIBILITIES DEPENDING IN THE DESIRED UNDERCUT�

Ô DRY UNDERETCH �CLASSICAL	� ISOTROPIC OXYGEN PLASMA ���� MBAR �� 7 DURING �� MIN�
Ô WET UNDERETCH �FOR LARGE UNDERCUT	� ��
�� S IN -)"+
PROPANOL
� AT ��p#� ! �� S TREATMENT GIVES A

��� xM EDGE TO EDGE UNDERCUT� 4HIS WET UNDERETCH MUST BE FOLLOWED BY A DRY
ETCHING IN ORDER TO CLEAN
THE REMAINING POLYMER STICKING TO THE EDGES OF THE MASK�

c %TCHING PARAMETERS� /� ��SCCM �b��`� MBAR ��� 7 DURING � MIN�
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oxidized silicon substrate

e beam resist PMMA

MAA ballast

50 nm

0.2- 0.5 mm

3CHEMATIC CROSS SECTION OF A BILAYER FOR E
BEAM LITHOGRAPHY

Germanium

Silicon oxide substrate

e beam resist PMMA

MAA ballast

25-50nm
50 nm

0.2- 0.5 mm

3CHEMATIC CROSS SECTION OF A BILAYER FOR E
BEAM LITHOGRAPHY
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)MPORTANT NOTICE� 4HE TRILAYER PROCESS IS SOMEWHAT MORE DIbCULT TO REALIZE THAN THE BILAYER�

/NE SHOULD PAY ATTENTION TO THE FOLLOWING RECOMMENDATIONS THAT CAN AVOID FREQUENT PROBLEMS�

�	 $/ ./4 BAKE THE WAFER AT TWO HIGH TEMPERATURE BECAUSE INTERNAL STRESSES BETWEEN LAYERS

MIGHT OCCUR� LEADING TO TYPICAL CIRCULAR BREAKS IN THE THIN GERMANIUM LAYER� ! SAFE METHOD IS

TO BAKE THE SAMPLE USING DECREASING TEMPERATURES ����p# THE SECOND TIME	�

�	 4HE çRST DRY
ETCHING STEP IN 3&� MUST BE LONG ENOUGH TO CLEAN ALL GERMANIUM DEPOSITS ON

THE SUBSTRATE� )T IS EXTREMELY HELPFUL TO MONITOR THE ETCHING RATE BY LASER INTERFEROMETRY�

�	 $EPOSITS REMAINING FROM THE COPOLYMER ETCH MIGHT LEAD TO A POLLUTION OF THE BOTTOM SILICON

SUBSTRATE� 7E SUSPECT THESE DEPOSITS �PROBABLY CARBON PARTICLES	 TO CONTAMINATE THE TUNNEL

JUNCTION BARRIER AND MAKE IT MORE FRAGILE�

�
0REPARATION OF !&-
ETCHED SAMPLES

q 3EE THE ARTICLE Þ,IFT
Od LITHOGRAPHY WITH AN !TOMIC &ORCE -ICROSCOPEÞ REPRINTED IN THE

FOLLOWING �APPENDIX �
"	�
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!00%.$)8 �`"

,IFT
Od LITHOGRAPHY TECHNIQUE WITH AN !TOMIC &ORCE
-ICROSCOPE

PUBLISHED IN !PPLIED 0HYSICS ,ETTERS ��� ����� �����
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+HES�Nm KHSGNFQ@OGX TRHMF @M @SNLHB ENQBD LHBQNRBNOD


5
 !NTBGH@S @MC #
 $RSDUD

3ERVICE DE 0HYSIQUE DE L�%TAT #ONDENSuE� #OMMISSARIAT tA

L�%NERGIE !TOMIQUE� ����� 'IF
SUR
9VETTE #EDEX� &RANCE

 ARSQ@BS

7E PRESENT A TECHNIQUE TO FABRICATE NANOSTRUCTURES WITH AN ATOMIC FORCE MI


CROSCOPE �!&-	� "Y TAKING ADVANTAGE OF THE !&- TIP SHARPNESS� WE ENGRAVE

A NARROW FURROW IN A SOFT POLYIMIDE LAYER� 4HE FURROW IS THEN TRANSFERED US


ING DRY
ETCHING TO A THIN GERMANIUM LAYER WHICH FORMS A SUSPENDED MASK�

-ETALLIC LAYERS ARE THEN EVAPORATED THROUGH THIS MASK� -ETALLIC LINES WITH

A �� NM LINEWIDTH AND SINGLE
ELECTRON TRANSISTORS HAVE BEEN FABRICATED� 4HIS

LIFT
Om TECHNIQUE CAN BE USED ON ANY SUBSTRATE AND ALLOWS EASY ALIGNMENT WITH

PREVIOUSLY FABRICATED STRUCTURES�

0!#3� ����� ����'� ����0� ����

PUBLISHED IN !PPLIED 0HYSICS ,ETTERS �.OV� ��	�
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3GD NARDQU@SHNM NE BNMCTBS@MBD PT@MSHY@SHNM :���<� SGD BNMSQNKKDC SQ@MREDQ NE RHMFKD

DKDBSQNMR :�< @MC SGD QD@KHY@SHNM NE @KLNRS ODQEDBS ��CHLDMRHNM@K @SNLR :�< @QD QDBDMS DW@LOKDR

NE DWODQHLDMSR HMUNKUHMF M@MNRSQTBSTQDR
 2TBG QDRTKSR BNTKC AD NAS@HMDC ADB@TRD DKDBSQNM�

AD@L KHSGNFQ@OGX �$!+� G@R L@CD RTA���� ML RB@KD E@AQHB@SHNM D@RHKX @BBDRRHAKD
  KSGNTFG

GHFG DMDQFX $!+ QD@BGDR @ QDRNKTSHNM ADSSDQ SG@M �� ML :�<� SGDQD HR @ MDDC ENQ RHLOKD

E@AQHB@SHNM SDBGMHPTDR HM SGD RTA��� ML Q@MFD
 3GD @SNLHB QDRNKTSHNM HL@FHMF @BGHDUDC AX

OQNWHL@K OQNAD LHBQNRBNOX G@R QHRDM GNODR SG@S RTBG @KSDQM@SHUDR SN $!+ CN DWHRS
 (MCDDC�

@ U@QHDSX NE SDBGMHPTDR G@UD ADDM CDUDKNODC :�<� BTKLHM@SHMF VHSG SGD CHQDBS L@MHOTK@SHNM NE
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@R RDKE�@RRDLAKDC LNKDBTK@Q LNMNK@XDQR :��< NQ +@MFLTHQ�!KNCFDSS nKLR :��<� NQ SN CHQDBSKX

LNCHEX SGD RSQTBSTQD NE SGD RTODQnBH@K K@XDQ :��<� RTBG @R SGD NWHC@SHNM NE GXCQNFDM@SDC RHKHBNM

:��<
  EDV LDSGNCR A@RDC NM LDBG@MHB@KKX DMFQ@UHMF @ RNES K@XDQ VHSG @ RG@QO @SNLHB ENQBD

LHBQNRBNOD � %,� SHO G@UD @KRN ADDM OQNONRDC :��<
 (M O@QSHBTK@Q SGD /,, QDRHRS AHK@XDQ
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 6D CDLNMRSQ@SD HM SGHR
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SGD HMSDQLDCH@SD FDQL@MHTL K@XDQ ENQLR @ RTRODMCDC L@RJ
 3GD L@HM @CU@MS@FD NE SGHR

OQNBDRR HR SN OQNUHCD @ QHFHC L@RJ @KKNVHMF K@QFD EQDD�RS@MCHMF @QD@R
 3GD BNLAHM@SHNM NE

LTKSHOKD @MFKD DU@ONQ@SHNMR NE U@QHNTR LDS@KR QDPTHQDC SN E@AQHB@SD M@MNRSQTBSTQDR BNLAHMHMF
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 6D
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 (M SGD OQDRDMS OQNBDRR�

CDOHBSDC HM %(&
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Figure 1: Main steps of the AFM-based trilayer process.
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SGD TMCDQKXHMF O@SSDQM
 $MFQ@UHMF HR CNMD AX OTRGHMF SGD SHO �RDD %(&
 �� @S @ UDKNBHSX HM

SGD ���` � xL
R`� Q@MFD VHSG @M @OOKHDC UDQSHB@K ENQBD HM SGD �
��� x- Q@MFD� GHFGDQ RODDCR
QDPTHQHMF K@QFDQ ENQBDR


.MD RGNTKC S@JD B@QD MNS SN RBQ@SBG SGD RNKHC &D L@RJ HM NQCDQ SN OQDRDQUD SGD SHO
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 �@
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(b)

100 nm

(a)

Figure 2 (a): AFM image of a furrow engraved in polyimide. Note that the profile shown
in inset, obtained by scanning with the scribing tip is somewhat broadened by the finite
tip radius.
(b): Scanning electron micrograph after deposition of 30nm of Gold through the
corresponding mask.
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Figure 3 (a): AFM  image of the pattern engraved in polyimide for fabricating a
SET. (b): Scanning electron micrograph of the SET device after fabrication.
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Figure 4: Modulation curves of the output voltage V of the SET at 20 mK
as a function of the gate voltage Vg for different bias currents.

Inset: Extremal I-V characteristics of the SET.
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!PPENDIX OF CHAPTER �

!00%.$)8 �`#
4ECHNICAL DATA OF MULTILAYER FABRICATIOn (p. 253)

 -ULTILAYER FABRICATION PROCESS INVOLVES � STEPS� 3TEP � TO � DEPEND ON THE NATURE OF THE INSULATING MATERIAL
�ORGANIC OR INORGANIC	�

q 34%0 � 0ATTERNING GOLD LEADS USING 56
LITHOGRAPHY
/N A �
INCHES SILICON OXIDIZED WAFER�WE SPIN PHOTORESIST (OECHST !:
���� AT ���� RPM AND HARD
BAKE
� MINUTES AT ��p#� ! CHROMIUM MASK PATTERNED ON QUARTZ IS USED ON A +ARL 3USS MASK ALIGNER� 7E
DEVELOP IN !:��� DURING ��
�� SECONDS� 7E THEN EVAPORATE � NM OF TITANIUM �STICKING LAYER FOR GOLD	 AND
THEN �� NM OF GOLD IN A *OULE EVAPORATOR� 4HE RESIST IS LIFTED
Od IN ACETONE�

!
 0OLYIMIDE RESIST AS THE INSULATING LAYER

q 34%0 !
� 3PIN
COATING OF THE POLYIMIDE RESIST
7E USE $UPONT 0)
���� POLYIMIDE RESIST WHOSE VISCOSITY IS REDUCED BY DILUTION IN .
METHYL
�
PYRROLIDINONE
�� KG OF 0) PER LITER OF .-0	� �PARAMETERS OF SPIN ARE ���� RPM� ��S� ��� xM THICK	� 7E CAREFULLY PERFORM
A HEATING PROCESS USING HOT
PLATES� 7E çRST GENTLY HARD
BAKE THE WAFER � MINUTES AT ���p# AND THEN BAKE
IT IN VACUUM DURING ONE HOUR AT ���p#�

q 34%0 !
� 0ATTERNING HOLES OVER THE POLYIMIDE
7E SPIN PHOTORESIST !:
���� OVER THE POLYIMIDE ����� RPM FOR �MINUTE� z��� xM THICK	 AND HARD
BAKE
� MINUTES AT ��p#� !LIGNING THE MASK WITH SMALL WINDOWS OVER THE EXTREMITIES OF THE GOLD LEADS IS A
CRITICAL STEP IN THIS PROCESS� THE ALLOWED MISALIGNMENT IS ABOUT ��� xM� 7E THEN UNDER
EXPOSE THE RESIST
���
�� SECONDS	� 3OME PHOTORESIST STILL SUBSISTS AT THE BOTTOM OF THE PATTERNED HOLES AFTER DEVELOPMENT IN
!:
���� 4HE DEVELOPED RESIST IS THEN HARD
BAKED �� MINUTES AT ���p# IN ORDER TO FORM A SMOOTH PROçLE
FOR THE EDGES�

q 34%0 !
� %TCHING THE POLYIMIDE RESIST
4HE SMOOTH PATTERNED PROçLE IN THE PHOTORESIST IS TRANSFERRED TO POLYIMIDE USING REACTIVE ION ETCHING
�2�)�%�	� 4HE PLASMA CONSISTS OF A MIXTURE GAS 3&��/� WITH RESPECTIVE PROPORTIONS � SCCM��� SCCM AT
TOTAL PRESSURE ��� MBAR� 4HE 2& PARAMETERS ARE �� 7� �� 6�
7E MONITOR THE ETCHING BY MEASURING THE INTERFERENCE FRINGES OF A REâECTED LASER BEAM FOCUSED IN A ETCHED
HOLE �ABOUT � TO � MINUTES OF ETCHING	� 4HE SAMPLE IS THEN WASHED IN ACETONE USING ULTRASONICS� 'OLD
LEADS APPEARING AT THE BOTTOM OF THE HOLES ARE CLEANED DURING �� SECONDS UNDER A LOW ENERGY !RGON ION
MILLING �

 "
 3ILICON NITRIDE AS THE INSULATING LAYER
q 34%0 "
� $EPOSITION OF 3I�.�LAYER
4HE LAYER IS DEPOSITED BY REACTIVE MAGNETRON SPUTTERING USING A SILICON NITRIDE TARGET IN A !R�.� PLASMA�
4HE DEPOSITION PARAMETERS ARE�

Ô DISTANCE TARGET
SAMPLE� �� CM
Ô PRESSURE �b��`� MBAR .�� �b��`� MBAR !R�
Ô !UTOPOLARIZATION VOLTAGE� ��� 6
Ô 4EMPERATURE OF THE SAMPLE� ���p#�
Ô DEPOSITION RATE� �xM PER HOUR�

q 34%0 "
� 0ATTERNING HOLES� SEE STEP !� ABOVE�
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!PPENDIX OF CHAPTER �

q 34%0 "
� %TCHING THE 3I�.� LAYER�
4HE SILICON NITRIDE LAYER IS PIERCED USING TWO STEPS OF REACTIVE ION ETCHING �2)%	�
&IRST� �� � OF THE TOTAL THICKNESS IS ETCHED AT A HIGH ETCHING RATE ��� NM�MIN	 USING A #(&��/� PLASMA
AND A LARGE AUTOPOLARIZATION VOLTAGE �TYPICALLY ��� 6	 OF THE SAMPLE�
4HEN THE REMAINING THICKNESS IS REMOVED AT A LOWER ETCHING RATE IN ORDER TO PREVENT PHYSICAL SPUTTERING
OF THE GOLD LAYER WHICH IS UNCOVERED AT THE END � A 3&� PLASMA AND A LOW AUTOPOLARIZATION VOLTAGE �BELOW
�� 6	 ARE USED�

q 34%0 � 0REPARING THE E
BEAM RESIST
! STANDARD BILAYER RESIST IS USED� 4HE BOTTOM BALLAST LAYER IS MADE OF COPOLYMER ��� G�L`� -!!	� 7E SPIN
IT AT ���� RPM FOR �� SECONDS� 4HIS LAYER IS HARD
BAKED �� MINUTES AT ���p# IN ORDER TO STRETCH THE çLM
AND AVOID THICKNESS VARIATIONS NEAR THE CONNECTING HOLES�
4HE TOP LAYER IS THEN PREPARED� 7E USE 0--!�POLYMETHYL
METACRYLATE	 DILUTED IN -)"+ �METHYL

ISOBUTYL
BUTYL
KETONE	 ��� G�L`� 0--!	 SPUN AT ����RPM� 7E çNALLY HARD
BAKE THE WAFER AT ���p# FOR
�� MINUTES�

q 34%0 � %
BEAM LITHOGRAPHY
4HE SAMPLE IS EXPOSED TO �� KE6 ELECTRONS IN AN SCANNING ELECTRON MICROSCOPE WHICH BEAM POSITION IS
CONTROLLED BY A 0# CONNECTED TO A $!# BOARD �2AITH 0ROXY
7RITER SYSTEM	� 4HE TYPICAL EXPOSURE DOSE IS
AROUND � P#�xM��

q 34%0 � 3HADOW MASK EVAPORATION
4HE SAMPLE IS DEVELOPED IN -)"+�PROPANOL IN PROPORTIONS ��� DURING �� SECONDS AT ��p#�
!N UNDERCUT IS OBTAINED� 7E çNALLY PROCEED TO AN EVAPORATION AT TWO ANGLES �
���� DEGREES	 OF ALUMINUM�
!N OXIDATION PROCESS IS PERFORMED BETWEEN THE TWO EVAPORATIONS WITH A CONTROLLED PRESSURE OF A MIXTURE
GAS OXYGEN�ARGON ���� /�	 �TYPICALLY � MBAR� � MINUTES	� &INAL LIFT
Od OF THE BILAYER IS PERFORMED IN
ACETONE AT ��p#�
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Figure 6.18: Diagram showing the fabrication process and feedback corrections

after sample  characterization.
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Fabrication diagram of the processing sequence
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APPENDIX 6-F

Tunnel junction resistivity data

Appendix of chapter 6
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Figure 6.19: Resistances measured at room temperature of Al/AlOx/Al tunnel

junctions fabricated using in-situ oxidation with a gas mixture O2/Ar (15% O2).

The obtained resistances are plotted as a function of the time of oxidation for
increasing gas pressures. Left axis labels indicates the measured resistance
normalized to the junction area (Error bars correspond to the area uncertainty).

Right axis labels gives the resistance for a typical junction (0.09x0.11mm2).  Dashes

are just guidelines for clarity.
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