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Abstract    In this paper, a low-cost Ni/Cu structure as an ohmic contact was fabricated on Polycrystalline n+Si Via 
electrochemical method by the application of an ultrasonic system and the electrical resistivity of the contact was optimized. 
After electroplating of Ni in watts bath for 10, 20 and 40 min, an electroplated copper layer was deppsited on Ni film in order 
to reduce the sheet and contact resistance by using an ultrasonic system one can obtain a film with the lower surface 
roughness and the higher quality. The electrical resistivity of the electroplated Ni/Cu was investigated for vacuum annealing at 
various temperatures. Post treatments of the coated Ni improved the crystalline structure of the electroplated layer. Contact 
resistance of the Ni/Cu structure on an n+Si was measured using the Transmission Line Model (TLM) Method. An optimum 
specific contact resistance of 2.2×10

-5 Ùcm
2 was obtained for layers annealed at 400°C for 10 min. SEM, XRD, and EDX 

analyses were used to investigate the surface morphology, structure and composition of deposited films.� 
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�ƽŚƯŵÑÒ Śţ�˚CÒÍŢſř�ƵŶƃ�ƭŚŬƳř����
��������ƶƿǇ� ƾŰƐſ� ŹŚŤųŚſ�ǇźƿŻ� ƽƹŹźŝ� ƶĩ� ƪĪǀƳ� ƽŚƷŠƿ�

İƬě��ƱŚƯŻ�Źŵ�ƱƺĪǀƬǀſ�ƩŚŤƀƿźĩ��ƽŚƷÎÍ��ÏÍ�ƹ�ÑÍƶƿǇ�ƶƤǀƣŵ��ƾƳŚƄƳ�
ƵŶƃ Ĩưĩ� Śŝ� �ŶƳř�SEM�ƾƳƹźŤĪƫř� ęƺĪſƹźĪǀƯ� żǀƫŚƳō� �

�Scanning Electron Microscopy� Ţſř�ƵŶƃ�ƾſŹźŝ� �ƪĪƃ�
�a-c�ÏƶƿǇ�ƾŰƐſ�ŹŚŤųŚſ���ƪĪǀƳ�ƽŚƷİƯ�ƱŚƄƳ�řŹ�ŶƷŵ��ƱŚưƷ��ƶƳƺĭ
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ƪĪƃ Ð��ǀůŚƳŠŵ�ƶƿǇ�źƠƿƹ�Żř�ƽźĮƿ�ƾƳŚƄƳ�ǀƳ�Śŝ�ƵŶƃ�šŶƯŹŵ�ƪĪÏÍ�ƶƤǀƣŵ��a� 
�źƿƺƈţSEM��ŮƐſ��b�īŹżŝ�źƿƺƈţ��Ŷƃş�ƆŴƄƯ�ƶǀůŚƳ��Źŵ�ƵŶƃ�a����c� 

ŮƐſ�ƽŹřƺưƷŚƳ� 

ƪĪƃ� Ʋƿř� Źŵ� ƶĩ ƾƯ� ƵŶƿŵ� ŚƷ �ƂƿřżƟř� Śŝ� �ŵƺƃƶƿǇ� ƱŚƯŻ��ƾƳŚƄƳ
ŻřŶƳřşƵŶƷŚƄƯ� šřŹŷ��ƶƿǇ� ŮƐſ� Źŵ� ƵŶƃ īŹżŝ� ŚƷ�ƾƯ� źţ�ƺƃŵ��

ǀƫƹř�ƽŹřƺưƷŚƳŠƶƳƺưƳ� �ŚƷ�ƪŞƣ�ƶƿǇ�Żř�ƾƳŚƄƳ���ŵƹŶůŹŵµmÑ�Ţſř�
�ƹ�ŚŝƶƿǇ�ƱŚƯŻ�ƂƿřżƟř��Śţ�ƾƳŚƄƳÑÍ�ŵƹŶů�ƶŝ�ƶƤǀƣŵ�µm�Ò�Î�
ƾƯ�ŶſŹ���ƪŞƣ�ƶƿǇ�Żř�İƬě�ƽŚƷźƠƿƹ�ƽŹřƺưƷŚƳ�ƾƳŚƄƳ��ƩŚŤƀƿźĩ

�ƱƺĪǀƬǀſµmÑ��Ţſř� ŚƯř��ƽŹřƺưƷŚƳƿǇŠƵŶƳŚƄƳ��� ƵŶƃµm�Ò�Î�
Ţſř�ƱŚƄƳ�ƂƷŚĩ�Ʋƿř�ƶĩ�İƯ�ŶƷŵƶƿǇ���ŮƐſ�ƽŹřƺưƷŚƳ�ƭŚưţ�ŚƷ

� ƾŞſŚƴƯ� ƾŤųřƺƴĪƿ� ƹ� ƵŶƳŚƃƺě� řŹŶƳŹřŵ�� ��� ƪĪƃ�d�Ï�ƶĩ�
ƵŵŚƠŤſřŚŝ�ƮŤƀǀſ�Żř�DektakŢſř�ƵŶƃ�ƶǀƸţ��.�
        � ƪĪƃ� Źŵ�a�ÐǀůŚƳ�ŠƿǇźƿŻ� Żř� ƽźĮƿŵ�ŠİƬě���ƩŚŤƀƿźĩ

ƾƯ�ƵŶƷŚƄƯ�ƱƺĪǀƬǀſ�ƺƃƶƿǇ�ƶĩ�ŵ�ƶŝ�ƪĪǀƳ�Żř�ƽř��šŶƯÏÍ�ƶƤǀƣŵ�
ƶƿǇ�Ʊō�ƽƹŹźŝ��ƪĪƃ�Źŵ�ƹ�Ţſř�ƵŶƃ�ƾƳŚƄƳ�b�ÐīŹżŝ�źƿƺƈţ��Ŷƃş�

�ƪĪƃ� Żř�ƾŤưƀƣ�a�ÐƾƯ� ƵŶƷŚƄƯ��ŵƺƃ� �ƱŚưƷ�ŹƺƏ�Ʋƿř� Źŵ� ƶĩ�
ƾƯ�ƵŶƿŵ�ƪĪƃ��Ʈĩ�ŹŚǀƀŝ�ŮƐſ�ƽŹřƺưƷŚƳ�ŵƺƃŢſřƶƳřŵ�ŵŚƘŝř�ƹ��ƽŚƷ�

ƪĪǀƳ���ƵŵŚƠŤſřŚŝ�ŻřƵŻřŶƳř� ƶƳřŵ� ƽźǀĭ�� źƿƹŚƈţ� Źŵ� ŚƷSEM��
�ŵƹŶůŹŵnmÏÐÍ�Ţſř��
         � ƪĪƃ� Źŵ�c�ÐƵŵŚƠŤſřŚŝ� ƶĩ� ŮƐſ� Ʋƿř� ƽŹřƺưƷŚƳ���Żř
�ƮŤƀǀſDektakƵŻřŶƳř��ƵŶƃ�ƽźǀĭ��ŵƹŶůŹŵ�ÅÎÍÍƾƯ���ƶĩ�ŶƃŚŝ

ƿǇ� ŶƴƿřźƟ� ƽǇŚŝ� ŢǀƠǀĩ� źĮƳŚǀŝƶ�� ƾƳŚƄƳŢſř� ��ƆǀŴƄţ� ƽřźŝ
ƿǇ�Źŵ�ŵƺūƺƯ�źƇŚƴƗŠƽŹŚĪŝō�ƪĪǀƳ���żǀƫŚƳō�Żř�ƵŶƃEDX��ƵŵŚƠŤſř

� ƵŶƃƪĪƃ�Źŵ�ƶĩ�ÑƾƯ�ƵŶƷŚƄƯ� ŵƺƃ� ��ƱřżǀƯ�żǀƫŚƳō�Ʋƿř�ŽŚſřźŝ
Õ�ÖÔ�ƹ�ƪĪǀƳ�ƽřźŝ� řŹ�ƾƳŻƹ�ŶƇŹŵ�Ï�Ï�ƽřźŝ� řŹ�ƾƳŻƹ�ŶƇŹŵ�

ƾƯ�ƱŚƄƳ�ƱƺĪǀƬǀſ�ƍƺŝźƯ�ƶĩ�ŶƷŵ�ƿǇźƿŻ�ƶŝŠ�ƱƺĪǀƬǀſ�Ţſř�ƹ�
Źŵ�ƽźĮƿŵ�źƈƴƗƾưƳ�ƵŶƷŚƄƯ�Ʊō��ŵƺƃ��

        �ƪĪƃ�ŹŵÒ�żǀƫŚƳō�XRDƍƺŝźƯ��ƪĪǀƳ�ŹŚŤųŚſ�ƶŝ�ƵŶƷŚƄƯ�
ƾƯ ŵƺƃǇźƿŻ�ƽƹŹźŝ�ƶĩ�ƿŠİƬě��ƶƿǇ�ƱƺĪǀƬǀſ�ƩŚŤƀƿźĩ��ƵŶƃ�ƾƳŚƄƳ

Ţſř�ƍƺŝźƯ�ƞǀƏ�ƪĪƃ�Ʋƿř�Źŵ��ƶƿǇ�ƶŝ žě�ƪĪǀƳ�ƽŚƷ�ƶƿǇ�Żř��ƾƳŚƄƳ
žě� ƹ�� ŻřŢŴěŻŚŝ�ƽŚƷŚƯŵ� Źŵ�˚CÐÍÍ�� ƹ˚CÒÍÍ�ƵŶƃ� Ƶŵřŵ� ƱŚƄƳ�
Ţſř��ŚưƷƱ�ƾƯ�ƵŶƿŵ�ƪĪƃ�Ʋƿř�Źŵ�ƶĩ�ƶƳƺĭ��Śŝ�ŵƺƃŢŴěŻŚŝ�ƶƳƺưƳ�

� ƽŚƯŵ� Źŵ˚CÐÍÍƞǀƏ���X-Ray Diffraction��XRD�źǀǀƜţ� Ʊō�
Ƴ�ƽŵŚƿŻİư��ŶƴĩŚƯźĭ�ƽŚƯŵ�ƂƿřżƟř� Śŝ�ƾƫƹ��� ƶŝ�ƾƷŵ˚CÒÍÍ��Ĩǀě�

�ÏÏÍ��ƶŝ�ƪĪǀƳ��ƂƿřżƟř�šŶƃİƯ�ŶŝŚƿĨǀě�ƲǀƴĤưƷ�ƹ���įŚƷƍƺŝźƯ�
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�ƪĪƃÑ��żǀƫŚƳō�EDXƵŶƃ�ƽŹŚĪŝō�ƪĪǀƳ����

 
 

 
2 Theta 

�

�ƪĪƃÒ�ƞǀƏ���įŚƷXRDƍƺŝźƯ��� ƶŝƿǇŠžě�ƪĪǀƳ��ƶƿǇ� Żř�žě�ƹ�ƾƳŚƄƳ��Żř
ƪǀţō��ƽŚƷŚƯŵ�Źŵ�Ʊŵźĩ˚C�ÐÍÍ�ƹ�˚C�ÒÍÍ���

ƪĪǀƳ�ƽŚƷŶƿŚƀǀƬǀſ�ƶŝ���Ni2Si�ƹ�NiSi��ƱŚƿŚưƳƾƯ��ŵƺƃ @ÎÎ�>�
 
æ�æ�è��žƯ�ƾĪƿźŤĪƫř�ƽŹŚĪŝō��

�

��������žě�ƶƿǇ�Żř�ƮŤƀǀſ�Żř� �ƶƳƺưƳ�ƽƹŹźŝ�ƪĪǀƳ�ƾƳŚƄƳ��ƽŹŚĪŝō
ƾĪƿźŤĪƫř�ƶƿǇ�ƽřźŝ�žƯ�Ţſř�ƵŶƃ�ƵŵŚƠŤſř�ƾƳŚƄƳ���ŹƺƔƴƯ�Ʋƿř�ƶŝ
ƵŵŚƠŤſřŚŝ�šŚƠƫƺſ�ƭŚưů�Żř��žƯ@æç>���ƪƯŚƃCuSO4�ƹ�H2SO4��

ƶƿǇ�Ƶŵřŵ�Źřźƣ�ƶƳƺưƳ�ƽƹŹźŝ�žƯ�Żř�ƽřŶƃ���
��������� ŹŵƵŵŚƠŤſřŚŝ� ƶƬůźƯ� Ʋƿř�ŶƳō� Żř��ƱŚƿźū� ƾƫŚĮģ� ƹ� ƾƀƯ

A/dm2çå�êåƶƿǇ��ř�ƶƳƺưƳ� ƽƹŹźŝ� źƔƳŵŹƺƯ� ŢƯŚŴƋ� Śŝ� ƽ
Ŷƃ�ƪǀĪƄţ���ƪĪƃë�źƿƺƈţ�SEMƍƺŝźƯ��ƿǇ�ƶŝŠƵŶƳŚƄƳ�žƯ��ƵŶƃ�

ƾƯ�ƱŚƄƳ�řŹ�ƁƹŹ�Ʋƿř�ƶŝ�ŶƷŵ��
        ƪĪƃ�Źŵ�ì��żǀƫŚƳōEDXƍƺŝźƯ��ƿǇ�ƶŝŠ�ƵŶƃ�Ƶŵřŵ�ƱŚƄƳ�žƯ�
Ţſř� �ĩ�Ţſř�ƆŴƄƯƶƔůǈƯ�ƪŝŚƣ�ƾƳŻƹ�ŶƇŹŵ�ŶƿŚŝ�ƶ �Żř�ƽř
ƿǇŠƾƃŚƳ� ƱƺĪǀƬǀſ� ƹ� ƪĪǀƳ� ƾĩŶƳř� ŹřŶƤƯ� ƹ�žƯ� �źƔƳŵŹƺƯ���Żř

ƶƿǇ�źǀŧŐţ ŚƷŶƃŚŝ�ŵƺūƺƯ�ƶƿǇ�Ʋƿř�Źŵ�ƲƿźƿŻ�ƽ��
�
�
ç��ƵŻřŶƳř�ŽŚưţ�ŢƯƹŚƤƯ�ƽźǀĭ 
�

��������� ƩŚƤŤƳř� Ǝų� ƩŶƯ� ƁƹŹ� Żř�TLM� �ƽřźŝ ƵŻřŶƳř�įźǀĭ�
� Źŵ� ƵŶƃ� Ƶŵřŵ� ƱŚƄƳ� śŚƤƳ� Żř� ƹ�ŽŚưţ�ŢƯƹŚƤƯƪĪƃ�í�ƽřźŝ�

Ţſř�ƵŶƃ�ƵŵŚƠŤſř�ƾƷŵƺĮƫř� ��ƁƹŹ�ƲƿřŜƬƛřƩŶƯ�ƽřźŝ���ƽŻŚſ
ƶưǀƳ�żƬƟ�ƾŰƐſ�šǇŚƈţř��ƽŵŚƷƶŝ�İƯ�ŹŚĩ�ŵƹŹ��

���������ƶŝ�ŽŚưţ�ƹŵ�źƷ�ƪĩ�ŢƯƹŚƤƯ�ŢƫŚů�Ʋƿř�Źŵ�Ʋƿř�šŹƺƇ
ƶŝ�Ţſŵ�ƾƯ��Ŷƿō@æè�æê�>�

 

RT=ñsd/Z+2Rc ƶƐŝřŹ�æ������������������������������������������������������������������  

�
��������Źŵ�ƶƐŝřŹ�Ʋƿř�ñs��ƾŰƐſ�ŢƯƹŚƤƯ�dŚƟ�ŠƬƇŽŚưţ�Ʋǀŝ����ŚƷ

ZŽŚưţ�ƽŚƴƸě���ƹ�ŚƷRc�ŽŚưţ�ŢƯƹŚƤƯ�Ţſř��
��������ƪĩ�ŢƯƹŚƤƯ�ƮſŹ�Śŝ�RT�Ŝƀůźŝ�ŠƬƇŚƟ�dƱƹźŝ�Śŝ�ƹ��ƾŝŚƿ�

ƶŝ� ŹřŵƺưƳ�Ţſŵ�� ƶƐƤƳ� Źŵ� ƵŶƯōd=0�ŽŚưţ�ŢƯƹŚƤƯ�RT=2Rc�
ƶŝ�Ţſŵ�ƾƯ�Ŷƿō��ƵŵŚƠŤſřŚŝ�ƐŝřŹ�Żř�ŠçƾƯ��ţ�ƵĦƿƹ�ŽŚưţ�ŢƯƹŚƤƯ�Ʊřƺ

ŵƺưƳ�ƶŞſŚŰƯ�řŹ��
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�ƪĪƃÓ���źƿƺƈţSEM�Żř�ƿǇŠžƯ�ƽŹŚĪŝō��ĪǀƳ�ƽƹŹźŝ�ƵŶƃƪ���

 
 

 
 

�ƪĪƃÔ��żǀƫŚƳō�EDXƿǇ�Żř�ŠƽŹŚĪŝō�žƯ��ƵŶƃ� 

 
 

�ƪĪƃÕ���ƵŵŚƠŤſř�śŚƤƳ�ƵŻřŶƳř�ƽřźŝ�ƵŶƃ�ŽŚưţ�ŢƯƹŚƤƯ�ƽźǀĭ�  
 
 

ñc=RcA                                                    �ƶƐŝřŹ�ç�  

 
��������ƶƐŝřŹ� Ʋƿř� Źŵ��AŽŚưţ� Żř� ƭřŶĩźƷ�ŢůŚƀƯ��ŚƷŢſ� �Śŝ
ƵŻřŶƳř�ŵ�źƷ�Ʋǀŝ�ŢƯƹŚƤƯ�ƽźǀĭ�ƾƫřƺŤƯ�ŽŚưţ�ƹŚŝƵŻřŶƳř�ƮŤƀǀſ��ƽźǀĭ�

ƈŴƄƯŠI-Vƶŝ���ƮŤƀǀſ�ĨưĩKeithley 2361�šŚƗǈƏř�żǀƫŚƳō�ƹ�
ƶŝ�Ţſŵ�Żř� ƵŶƯō�� ŽŚưţ� ŢƯƹŚƤƯ� �ƱōCu/Ni/Si�ƵŶƃ� ƶŞſŚŰƯ�

Ţſř��
��������ƪĪƃ�î�ƬƇŚƟ�Ŝƀůźŝ�ŢƯƹŚƤƯ�šřźǀǀƜţ� ŹřŵƺưƳ�Š�ƱŚǀƯ�

ŚưţŽ�ƾƯ� ƱŚƄƳ� řŹ� ŹŚŤųŚſ� Ʋƿř� ƽřźŝ� ŚƷ�ŶƷŵ� �Ħƿƹ� ŢƯƹŚƤƯş�
ƶŞſŚŰƯ� ŽŚưţ�� ƵŶƃÙcm2ê�æåîç�ç�Ţſř�ŹŚǀƀŝ� ŹřŶƤƯ� ƶĩ�

ƺƬſ�Źŵ�ŵźŝŹŚĩ�ƽřźŝ�ƾŞſŚƴƯƩ�Ʈĩ�ƽŶǀƃŹƺų�ƽŚƷ��ƵŵŻŚŝ�Śŝ�ƶƴƿżƷ
ǇŚŝŢſ��

 
 

è�ƶŬǀŤƳ��ƽźǀĭ��
�

��������Źŵ�ƽŹŚĪŝō� ƁƹŹ� ƶƫŚƤƯ� Ʋƿř��ŢųŚſ� ƽřźŝ� ƾĪƿźŤĪƫř
Ʈĩ�ƾưƷř�šǇŚƈţř�ƶŝ� ƶƴƿżƷ�� ƶŤƟŹ� ŹŚĩƪŝŚƣ� ƶĩ�ƩƺƬſ�Źŵ� ƵŵŚƠŤſř��

ƷƽŚ�ŢſǇŚŝ� ƵŵŻŚŝ� Śŝ�ƽŶǀƃŹƺų� �ƵŵŚƠŤſřŚŝ�ƶŝ� Ƶƺǀƃ�Ʋƿř�Żř��ƽŚū
ƮŤƀǀſ�Ţƣƹ�ƹ�ƶƴƿżƷźě�ƽŚƷ�Ǆų�źǀĭƶƿǇ�Śŝ����ƱřŻŹř�ŹŚŤųŚſ�ƾƳŚƄƳ
Ni/Cu�ƽƹŹźŝİƬě��ƩŚŤƀƿźĩ���ƱƺĪǀƬǀſƴƿżƷ�ŠŢƯƹŚƤƯ�ƹ�ŢųŚſ���
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�
�ƪĪƃÖ�ŞſŚŰƯ�Š�ŹŚŤųŚſ�ƽřźŝ�ŽŚưţ�ƪĩ�ŢƯƹŚƤƯ�Cu/Ni/Si���

 

�
ƾƯ�ƂƷŚĩ� ƲĪưƯ� Ŷů� Śţ�ŽŚưţ�ŶŝŚƿ� ��šƺƇ� ŌřŹƹŚƯ� ƵŚĮŤſŵ� Śŝ

�ŹŚŤųŚſNi/Cu�ƾƿǇŚŝ�ŹŚǀƀŝ�ŢǀƠǀĩ�Śŝ���ƽŹřƺưƷŚƳ��Żř�źŤưĩÅÕÍ��
İƬě� ƽƹŹźŝ�ƩŚŤƀƿźĩ�ƶƿǇ� ƱƺĪǀƬǀſ�ƾƳŚƄƳ�ƵŶƃ�Ţſř� ��ƲǀƴĤưƷ

ŚƷżǀƫŚƳōƽSEM �XRD ƹ�EDX �įřźŝ�šŚǀƇƺƈų� ƾſŹźŝ�
ƪǀĪƄţ� źƇŚƴƗ� ƹ�ƽŹƺƬŝ� �ƾŰƐſ�ƶƿǇ� ƵŶƴƷŵƶƳƺưƳ�ƽƹŹźŝ� ŚƷ�ŚƷ

Ţſř�ƶŤƟźĭ�ƭŚŬƳř� 

       ƶƳƺưƳ�ƾƷŵƺĮƫř�Śŝ��ƵŵŚƠŤſř�ƹ�ŚƷ�ƺǀƃ�Żřş�TLMƵŻřŶƳř�ƹ���ĭƽźǀ�
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