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6HOHFWLYLW\� RI� WKH� PRGHO� ����� GHSHQGV� RQ� WKH� UDWLR� RI�
GLYLVLRQ� DQG� FRPSOH[DWLRQ� FRQVWDQWV�� $FFXUDF\� RI� WKH�
PRGHO������ZLWK�UHVSHFW�WR�WKH�9'%�PRGHO��EHWWHU�WKHQ�
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)LJ����(( �LQ�YROWV�ZLWK�UHVSHFW��WR�ORJDULWKP�RI��SULPDU\�

LRQV��FRQFHQWUDWLRQ�LQ�WKH��QR�OLSRSK\OLF�VDOW�FDVH�IRU���

9'%��VROLG���HT��������DVWHULVNV���XSSHU��

�DQG�UHODWLYH�HUURU�RI�PRGHO�������ORZHU��
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3DUDPHWHUV�VHOHFWLRQ�DQG�VHQVLWLYLW\�DQDO\VLV�
�
(IILFLHQF\�DQG�DFFXUDF\�RI�WKH�PRGHO�LGHQWLILFDWLRQ�LV�LWV�
WKH�PRVW�LPSRUWDQW�IHDWXUH��,GHQWLILFDWLRQ�RI�WKH�LPSOLFLW�
9'%�PRGHO�LV�GLIILFXOW�VLQFH�RQO\�WKH�WRWDO�RIIVHW�YROWDJH�
RI�WKH�VHQVRU� ))+*,+-/.021 (((( −+= �LV�DYDLOEOH�IURP�

PHDVXUHPHQWV� �VHH�)LJ����DQG� LWV� VHPLUHODWLYH�VHQVLWLYL�
WLHV� ZLWK� UHVSHFW� WR� WHFKQRORJLFDO� SDUDPHWHUV� QRW� RQO\�
DUH� GHSHQGHQW� RQ� FRQFHQWUDWLRQ� EXW� VRPH� RI� WKHP� DOVR�
DUH� H[WUHPHO\� VPDOO� LQ� FRPSDULVRQ� ZLWK� RWKHUV�� +HQFH�
WKH�LGHQWLILFDWLRQ�WDVN�RI�WHFKQRORJLFDO�SDUDPHWHUV��3Q �� � �� QRQLGHDOLW\�LQGH[��
465N � � �� GLYLVLRQ�FRQVWDQWV�IRU�FDWLRQV��

EB

EBR

EFET

VGS

EGS
EM

FET insulator

membrane

test electrolyte

ref. electrolyte

ref. electrode
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� 7β � � �� FRPSOH[DWLRQ�FRQVWDQWV�IRU�FDWLRQV��

8 9. �� �� DVVRWLDWLRQ�FRQVWDQWV�IRU�FDWLRQV�� � � � � �����

:�; <�;D � �� WRWDO�FRQFHQWUDWLRQ�RI�OLJDQGV��
:�; <�;D � �� WRWDO�FRQFHQWUDWLRQ�RI�D�OLSRSKLOLF�VDOW��
=?>N � � �� GLYLVLRQ�FRQVWDQWV�IRU�DQLRQV��
@AD B � �� SULPDU\�FDWLRQV�DFWLYLW\�LQ�WKH�UHIHUHQFH�

VROXWLRQ��C+D/E( ��� )(7�RIIVHW�YROWDJH��

LV�� LQ� JHQHUDO�� LOO�FRQGLWLRQHG�� 7KXV� ZH� WUDQVIRUP� WKLV�
SULPDU\�VHW�WR�WKH�VHFRQGDU\�VHW�RI�SDUDPHWHUV��
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U V. �� � � � �� DVVRWLDWLRQ�FRQVWDQWV�IRU�FDWLRQV��

W�X Y�XD � � � � �� WRWDO�FRQFHQWUDWLRQ�RI�OLJDQGV���
Z\[ ]�[D � � � � �� WRWDO�FRQFHQWUDWLRQ�RI�D�OLSRSKLOLF�VDOW��

^^ βA_ 3 NN �� �� QRUPDOL]HG�GLYLVLRQ�FRQVWDQWV�IRU�DQLRQV��
``� βaa�b NN ��� QRUPDOL]HG�GLYLVLRQ�FRQVWDQWV�IRU�FDWLRQV��

cβ�� � � � � �� LQYHUWV�RI�FRPSOH[DWLRQ�FRQVWDQWV�

REWDLQDEOH�IURP�����DIWHU�VRPH�DOJHEUD��
6HQVLWLYLWHV� RI� WKH� YROWDJH� d2e( � WR� ERWK� SULPDU\� DQG�

VHFRQGDU\� SDUDPHWHUV� PD\� EH� FDOFXODWHG� PRUH� DFFX�
UDWHO\� IURP�WKH� LPSOLFLW�9'%�PRGHO�DQG�DSSUR[LPDWHO\�
IURP� WKH�H[SOLFLW�PRGHO� ��D��� �����'LVFUHSDQF\�EHWZHHQ�
H[DFW�DQG�DSSUR[LPDWH�GHULYDWLYHV�YDULHV�IURP�D�IHZ�WR�D�
IHZ� WHQV� SHU� FHQW�� $QDOLWLFDOO\� GHWHUPLQHG� VHPLUHODWLYH�
VHQVLWLYLWLHV� ZLWK� UHVSHFW� WR� VHFRQGDU\� SDUDPHWHUV� �����
DSSOLFDEOH� IRU� VFDOOLQJ� WKH� LGHQWLILFDWLRQ� OHDVW� VTXDUHV�
WDVN��KDYH�EHHQ�SORWWHG�LQ�)LJ�����
3UHVHQWHG� VHQVLWLYLWLHV� VKRZ� WKDW� LQ� WKH� LGHQWLILFDWLRQ�
WDVN�HVVHQWLDO�DUH�WKH�PRVW�LQIOXHQFLQJ�SDUDPHWHUV�� f g g#h( �

�VHQVLWLYLW\�� a�� i j �� k. � l�m n�mD � o\p q�pD � rs. � �VHQVLWLYLW\��

a�� i t ���:HDNHU� LGHQWLILFDEOH� LV� uv. �VHQVLWLYLW\� a�� i w ��
LQIOXHQFLQJ� RQO\� WKH� VPDOO� FRQFHQWUDWLRQ� UHJLRQ� DQG�
DQLRQ�SDUDPHWHU� xx βyz?{ NN �VHQVLWLYLW\�a�� i t ��LQIOXHQFLQJ�
LQ� WKH�KLJK�FRQFHQWUDWLRQ�NQHH� UHJLRQ��ZKLFK� LV�QRW�RE�
VHUYDEOH� LQ�XS� WR�GDWH�KLJK�TXDOLW\� VHQVRUV��)XUWKHU�SD�
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��� 7KH� RIIVHW� FDQ�EH� HVWLPDWHG� IURP�D�SRLQW� VHOHFWHG� LQ�
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WKH\�LQIOXHQFH�WKH�FDOLEUDWLRQ�FXUYH��7KLV�FDQ�EH�VHHQ�RQ�
bG�G cd'e FH  fg G�@��H[S>��G hi j j�kl'm F(( ψ+ SORW�� ,Q�

)LJ�� �� VKRZQ� LV� WKLV�GHULYDWLYH� DSSUR[LPDWHG�E\�GLIIHU�
HQFH�TXRWLHQWV�� ,Q� WKH�VPDOO�FRQFHQWUDWLRQ�UHJLRQ�ZKHUH�
WKH�VHQVRU�FDOLEUDWLRQ�FXUYH�LV�IODW�ZH�KDYH�WZR�SODWHDX[�
�OHIW�SODWHDX���OHYHO������DQG�ULJKW�SODWHDX���OHYHO�������
GHSHQGHQW�RQ�DVVRWLDWLRQ�FRQVWDQWV��7KH\�HQDEOH�HVWLPD�
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,Q� WKH� FDVH� RI� RQH� LQWHUIHULQJ� FDWLRQ� D� UDWLR� RI� SODWHDX�
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,I� D� VROXWLRQ� FRQWDLQV� RQH� W\SH� RI� LQWHUIHULQJ� FDWLR�
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&HUWDLQ�&+(0)(7�VHQVRU¶V�9 ��� �YROWDJH�KDV�EHHQ�PHD�
VXUHG�XQGHU�9 ���  ���9�DW�WKUHVKROG�, � �FXUUHQW��P$�LQ�D�
VROXWLRQ� ZLWK� SULPDU\� .

�
� DQG� LQWHUIHULQJ� 1D

�
� LRQV� RI�

FRQFHQWUDWLRQ�����>PROH�O@��7DNHQ�PHDVXUHV�DUH�FROOHFWHG�
LQ�7DEOH����
�
� � 7DEOH����$�&+(0)(7�PHDVXUHV�
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6HFRQGDU\�SDUDPHWHUV�Q � ��������( 	�
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������H��� KDYH� EHHQ� LGHQWLILHG� IURP� WKH� YROWDJHV� LQ�
7DEOH���� �� ���� FH ∆∆ HVWLPDWHG�IURP�7DEOH���JDYH��YHU\�

URXJKO\��D� OHIW�SODWHX�a����DQG�ULJKW�SODWHDX�a������VHH�
)LJ�� ���� )URP�. � 
  ���� REWDLQHG� LV�. ���  � ������:H� JHW�
( 
 � �  �������>9@� DQG� 
  ������H�� ZKLOH� �  �H�� DQG�
N ���  N ��
  �H��� KDYH� EHHQ� DVVXPHG��7KH� LGHQWLIHG�PRGHO�
LV�SORWWHG�LQ�)LJ���WRJHWKHU�ZLWK�PHDVXUHG�SRLQWV��0D[L�
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��DE���VROLG�OLQH��DQG�PHDVXUHG��FLUFOHV��
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7KH�9'%�PRGHO�LV�DQ�LPSOLFLW�PRGHO�ZLWK�WHFKQRORJLFDO�
SDUDPHWHUV� ZKLFK� DUH� KDUG� IRU� LGHQWLILFDWLRQ�� ,Q� WKLV�
SDSHU� LWV� VLPSOLILFDWLRQ� WR�D� IHZ�H[SOLFLW�PRGHOV�RI�GLI�
IHUHQW� DFFXUDF\� OHYHOV� KDYH� EHHQ� LQWURGXFHG�� 7KH\�
EULGJH�D�JDS�EHWZHHQ�WKH�9'%�DQG�1(�PRGHO��$FFXUDF\�
RI� WKH� LQWURGXFHG�PRGHOV� YDULHV� IURP� ���� WR� D� IHZ� SHU�
FHQW�DQG�LV�EHWWHU�WKHQ�DFFXUDF\�RI�LGHQWLILFDWLRQ��GXH�WR�
OLWWOH� DFFXUDF\� RI� FKHPLFDO�PHDVXUHPHQWV��� 6R� LQ� SUDF�
WLFH� WKHVH� PRGHOV� �LQ� FRQMXQFWLRQ� ZLWK� D� PRGHO� RI� WKH�
HOHFWULFDO�SDUW�RI�WKH�VHQVRU��DUH�TXLWH�VXIILFLHQW�IRU�&$'�
RI�FKHPLFDO�0(06��
0RUHRYHU� D� XVHIXO� PHWKRG� IRU� LGHQWLILFDWLRQ� RI� D� IHZ�
EDVLF�SDUDPHWHUV�RI�WKH�SURSRVHG�PRGHOV�KDV�EHHQ�LQWUR�
GXFHG�� 2WKHU� SDUDPHWHUV� OHVV� LQIOXHQVLQJ� WKH� PRGHO�
VKRXOG�EH�DVVXPHG�DUELWUDU\��7KLV�URXJK�LGHQWLILFDWLRQ�LV�
XVHIXO�DV�D�YHU\�JRRG�VWDUWLQJ�SRLQW� IRU� ILQDO� LGHQWLILFD�
WLRQ�EDVHG�RQ�WKH�OHDVW�S�WK�PHWKRG��
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>�@�$�� 9DQ� GHU� %HUJ�� �,RQ� 6HQVRUV� EDVHG� RQ� ,6)(7V�
ZLWK� V\QWKHWLF� LRQRSKRUV´�� 3K�'�� 7KHVLV�� 8QLY�� RI�
7ZHQWH��7KH�1HWKHUODQGV��������
>�@�-��2JURG]NL��/��2SDOVNL��0RGHOLQJ�RI�VHPLFRQGXFWRU�
LRQ�VHQVRUV�IRU�&$'��0,;'(6¶������
>�@� *�� 0�� %DUURZ�� ³3K\VLFDO� &KHPLVWU\´��
0F*UDZ�+LOO�,QF���������
>�@�:��7RUELF]��=��6\SQLHZVND��'��3LMDQRZVND��³0RGHO�
LQJ�RI�SRWHQWLRPHWULF�VHPLFRQGXFWRU�LRQ�VHQVRUV´��3UDFH�
,QVW\WXWX�%LRF\EHUQHW\NL� L� ,Q \QLHULL�%LRPHG\F]QHM��1U�
����:DUV]DZD�������LQ�3ROLVK���
>�@� '�*�� 3LMDQRZVND�� ³$QDO\VLV� RI� IDFWRUV� GHWHUPLQLQJ�
SDUDPHWHUV� RI� LRQ� VHQVLWLYH� ILHOG� HIIHFW� WUDQVLVWRUV� RI�
ELRFKHPLFDO�TXDQWLWLHV´��3UDFH�,QVW\WXWX�%LRF\EHUQHW\NL�
L�,Q \QLHULL�%LRPHG\F]QHM��1U�����:DUV]DZD�������
>�@�'�0�:LOVRQ��6�+R\W�� -�-DQDWD��.�%RRNVK��/�2EDGR���
�&KHPLFDO� 6HQVRUV� IRU� 3RUWDEOH�� +DQGOHG� )LHOG� ,QVWUX�
PHQWV��� ,(((�6HQVRUV� -RXUQDO�� YRO����1R����'HF� ������
SS�����������
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'U��-DQ�2JURG]NL�LV�ZLWK�WKH�,QVWLWXWH�RI�(OHFWURQLF�6\V�
WHPV��:DUVDZ�8QLYHUVLW\� RI� 7HFKQRORJ\��:DUVDZ�� 3R�
ODQG��(�PDLO�DGGUHVV���MRJU#LVH�SZ�HGX�SO�
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7KLV�ZRUN� LV� VXSSRUWHG� E\� WKH� �
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� (8�)UDPHZRUN�3UR�

JUDPPPH� 6(:,1*� DQG� WKH� 3ULRULW\� 3URJUDPPH� ³0L�
FURV\VWHPV´�RI�:DUVDZ�8QLYHUVLW\�RI�7HFKQRORJ\���$X�
WKRU�ZLVKHV�WR�WKDQN�3URI��$QGU]HM�)LOLSNRZVNL��FRRUGL�
QDWRU� RI� WKH� �

� �
� (XURSHHQ� 8QLRQ� )UDPHZRUN� 3URJUDP�
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