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T = Temperature(K)
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2.303RT/Z,F = Nernst AlFeta Eg&=d, o]
208K(25C )Y well&= 0.05916 volte] S 7Fxith.

dlojo] 4o e AfddE AdYAF K'E =Yty
Nicolsky-Eisenman WA 4]S AF&-3ht},

E= E,+2.303

&
Il

agp -

KP; = Selectivity coefficient of response ion in interfering ion

Za

RT
loglas+ 3 Khla,)
B

Z,F

Cell constant(mV)

Cell potential(mV)

Ideal gas constant(=8.314 J/mol K)
Temperature(K)

Faraday constant(=9.65 x 10* C/faraday)

charge number of response ion
charge number of interfeing ion
Activity of response ion

Activity of intrerfering ion
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EMF=E, +E, +Slog[ai +ZKZ-J~(aj)Z"/Zf}

E, = standard potential(mV)
E; = liquid-junction potential(mV)
S = Nernstian slope(theoretically, 59.16/z; mV/decade)

a; = Activity of response ion(M)

a; = Activity of interfering ion(M)

Z; = charge number of response ion
Z; = charge number of interfering ion

K;; = selectivity coefficients

21(3)2 E = K + S loglion] o8t dukxo g 33

A9l 7149, Nernstian 7] 7]o]¥ [ion]& o]22
A QFoll A O] £ Alo] 9

A@ysh 2ol Ve

(Azlg\/j)
(1+Ba \/7)

—logny, = 21(4)

= theoretical constant, 0.5085 ( 298 K)
= theoretical constant, 0.3281 x 10’

= jon size parameter(A)

= charge of ion

~ N by o
|

= jonic strength
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4.2 ISFET
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Fig. 4.2 Feature of an ISFET structure(Arkadiy M, 2003)
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ISFET & MOSFET®] A°lE F&x=0] oA %t 7]&H
(reference electrode) 2.2 X® Hoz ol5L T2 EXLE AZE H
3ttt MOSFET®| fralo]E HStol(v,— Vp)ld ISFETO #F3 Al
E Age (VR—V')O]E‘r. AN v, 2 vye ZtZt MOSFET %
ISFET®] &8 A <(threshold voltage)oltt. V,& IS4 & A3 o] 27+
Aekel AW A71se A AA (vip)7b veel gaixl Aol o] vy
ool ISEo] & A Am st 2](1)° =, Nernstd] o2 Fo]Xt},

RT .
V=1V, i2.303ﬁlogai 21(1)

A7A, Ve AFEelal, o ol&8%F = (ion activity)©] T}

Vo= Vo V= Vp=Vy—aX—b 2(7)
RT = =il == z] =L Q ol o)
1714, a=2308—7 | X=loga,, b= Vy B 7IEAF 3 &ste] A
RAYL 5S TPRAN o] LRt FuI AeFole B & gk
welA] (7 2 ezl MOSFETS AF-H¢h 5440 4§gon
% ISFET®] @%—@% 2448 dg & gtk
Iy =B(Vy—aX=b)V,, (14 2(®)
Iy= 2 (Vy—ax—b? (255 ()
WG
A4, p=Lt A, s A AlEe cgE, g AdE
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aAUAY AAEY, WL L& 77 Aol Ee] Ex} Aojolt},
® 8 A @4 AP v, 2 V,E Artea A5 e

Al7IH o] 2F e WEls 2 = dRdo)e] WstE yedt = 1,
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3 pH-ISFET® 1,-V,
(right) & o= UERH Aoltt,

4 FAddef)¥t pH #HE5A

600} d|
Vi =30V
09} Va =4V
sool I = 150u,
Sol. T.=222T [
08F
00} 25 Z
[
- J 2 o7t
- =
3 a0 g
< 20 g 06F
A 2
pH1
- 10 | g
; S 05
100 o JlS
04F
10
e ——— il
= - ] " I U W TN T T o Gl TR |
0 2 4 6 B 10 12 14 16 iB BT 34 5s Tz

VolV) H-ION CONCENTRATION (pH)

Fig. 4.3 Examples of I-V curves for pH-ISFET (left) and
sensitivity curve of pH- ISFET(right)
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5.1 ISE 7]dt AAojgo]lE °]-&% NO3-K-Ca
ARFHEET
51.1 ISE§ ASZA(RE&ZA) 774

Fot ol 9] FEE ofdol BAC] wEAo

t}el
o] AYAT(Kim 5, 201314 AZs 29 513 2
oz @

of AFHE 7o r 3 AT Ald FAE ARESIAH ol Fdhe]
AEEde] Fa A9 AHol FolsiHar el 8742 AAMlM =
gl dolHE HrEol A ARdstEs sttt oA Alztd AE st
AFZAE A5 AHst=d Z2ast Eﬂii Ade] &7](Pan), HelE
THI A AoE A HArEeF HolHaHRE, Ao AdHe
ol dy AlHE #1% 2H el W Il (bucket), HZIWS] AT HS 9T
AEFHZ R 3-way Eelmol=llE, AJs g ity A= AHE 9
g RH S AoE 93 RE =M E AT

Fig. 5.1 Features of an automated test stand(left) and its

sensing parts and peristaltic pump(right)
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A2e) AEANE A7 £7] dol AA o2 AAH Ao A
Aol 2AEo 2 FH(62ml/min) =3 GAHAIZE EF WS A (30rpm) &
2 HAAA AT wvle By B4EBES AAGAH oF 1k
BoOrpm) o2 HANA dolgls NEsAS AdHo R WEHES 5
Atk EHO S a9 520 yEbd whel o] NI EAA o H =9}
By =dtolHE ol gste] ¥ WHol wet MAHES sHdTh Al A
S99 SAEH] AEe T #Il HAXN AR fds AFHZ
3-way €d ol WHel WE Yy o]lE o]fsle] AFor AYPHEE
SFATHLY 5.3).

Speed measure (encoder) ’ ‘ ‘
{ 1™ —e [
PC Ch::ltmer — hg)‘:itlvoe': fg:;: I ;iri‘:: - E [ -
(NI PCI-7390) (MR-J25-10A) (HC-KFC13) ) O I e } Vor,out
: IEIL #ISEOE L T
oo | [ e " pes C
(NI PCl-6221)| | (FDD-2510) o (HTV 0301-3) L ‘ Vos, o
— I RefISE +
oo e | 58 0|

Fig. 5.2 Block diagram of the test stand control system(left) and
circuit diagram for voltage source buffering and impedance

transformation(right)(Kim %, 2013)
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Fig. 5.4 View of the operating program used for the test stand



5.1.2 A=A %

2 =rdAe ZAEE ANOs-N), Z2E5(K)E HAEs719s A1 E4
24 ZEAPVC) AAA T(matrix membrane) FEje] o] &A1 e A dh(j
on selective membrane)S& A3 AFAIH(Kim &, 2007, 5, 2007) 0
ek E 513 7o e 2AHSES EAE Craggs 5(1974)0]
A ekst v uweEl f7]8wiel THF (tetrahydrofuran)ol ol A A %3}

Atk ARAA A Ca DEAPVC) AAA o] Aol BAA so] 2
#(Ca)ol AT J3 ORIONAS] 48452 F71502 AHgatart,

Table 5.1 The chemicals and composition for nitrate, potassium and

pH 1on-selective membranes

NO; -N K Ca
. . Calcium Ionophore
TDDA Valinomycin
Ionophore )% smg 0.500t% , Img et e
- NPOE DOS NPOE
Plasticizer ;.75 % "5 5mg 64.7wt%, 129.4mg 65.6wt%, 131.2mg
. PVC PVC PVC
Matrix 28250t%, 56.5mg 328wt%, 65.6mg 328wt%, 65.6mg
" KTpCIPB KTpCIPB
Additive 0510t%, Img 06wt%, 1.2mg
inner 0.01M NaNO; + ,
solution 0.01M Naty 0.01M KCl 0.01M CaCl,
A 9 A= a9 559 2ol Adx A#dE PVC TS dmme] =
712 AAS] 97 6mm, 2] 40mmo] WA 25mme &< 7Fx =g
29 =& Eddd THFE o] &3t &5ttt A= W= 2F o2
A2 AR YHE-Ed(inner solution)S FYF ™ Ag/AgCl #
=2 Imm 2739 99% Ag WA AgCles F¥E3ste] A 25l on Y&
Sdo] X GEF FtdES o] 85t AastA AHSAT

_ oo ;“; ui 1_]|



A= Az a2 59 HAstE fete] d5S Al Holl Z+
Zke] inner solution & o] 6AFAE T FHom s oA T
At 718 (mV)S 43571 $135Fe] ORIONAFS] double junction
reference electrode(71¥ 56)& 7|T=d=o=2 7|83t 7k d=o A4

a3t

Fig. 5.5 Ion-selective membrane(left) and Ion-selective electrode(right)

Fig. 5.6 Feature of double junction reference electrode(ORION)
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5.1.3 NOs-K-Ca A ZFH= 43

HHolE F FE = K + Sloglion] & Z3HE AAE WA AL o] &3}

o] gdlo] o]l w2 EMFze W32 &<l o] & Afol

of AFBAE @A AT [ion] o9 FEZ AMEHA A

33 wat ol ()R AT yo vx9 wo= Yehd

th 187] witel] F5 AoA o9 sl EMF #AE w4 st

7] AEd WA 2 =EdA ARER G FEHACAA yrko]l dA s oF
2 J

N F 5

Aol AlgE gdlo dFw AFE 24), 2
17F o] <21 NOsoF K¢

Holar 27F Fol&Ql Caxe
03~0.7 Atel9] #o= yephwth L3k o WelMe EMF #& ntg
Txeot EMFS Z##AE g3 2
=5 iR e ue] EMF Wst
ghol g frAbgE Ao m yvEyth mebA 2 =iol A= BHlo] HE
=LA y7b dASITE AA Sl o]29 wZel EMFY

o
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Table 5.2 Activity coefficients of NOs-N, K and Ca

NO3-N K Ca
Concentration Concentration Concentration
(Molar) ¥ (Molar) ¥ (Molar) ¥

1.28 x 10-4 0.982 575 x 10-5 0.982 3.24 x 10-5 0.930
128 x 10-3 0.945 575 x 10-4 0.945 324 x 10-4 0.807
1.28 x 10-2 0.851 575 x 10-3 0.851 3.24 x 10-3 0.567
128 x 10-1 0.674 575 x 10-2 0.674 324 x 10-2 0.306
1.28 0.484 575 x 10-1 0.484 3.24 x 10-1 0.165
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Fig. 5.7 Activity coefficients plot of NOs—N, K and Ca
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Fig. 5.8 Comparison between relationship of concentration with
EMF(left) and relationship of ion activity with EMF(right)(for
NO3-N)

:l'l
_25_ .-'-\,,_E-l



NO3-K-Ca o AZFH=ATE s Agudods fg 4
[e]

= 2 Fo] S
Yo Agsglth. Fof o) WY Az, BF, 2w BA 4L 9
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AEAZ sk PVC WES 71w ASS Agsda Ao AeBy)
oldS f3l 2 e dFS = F Adv vtdlEH Aiteles 2F
3 3¢ Y(F 530 2dEE 243700 QA AMS o] &3
2709 Agrgold & A7 A Azx3ATH AxH HFg-gA] A
TEE AUt FAYIHSEE 7 7| G(NICEM)O o #F st =743+
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Table 5.3 Concentration range of macronutrients for calibration

(unit : ppm)
. Concentration level
Macro nutrient - -
L{low) M (medium) H(high)

NOs 3 30 700

K" 3 30 700

Ca™ 3 30 500

Mg*' 3 30 300

PO, 3 30 300
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ol A AHEEE 100~400ppm S ¥EES ek oke E 549
wol 24 61l AT F IBAE do Awstdnh A9 4

(EMF) 4 W2 44 Agegold Ay Fdsit

flie4
ol

Table 5.4 Concentration range of macronutrients sample prepared for

Paprika solution (unit : ppm)
. Concentration level
Macro nutrient - -
LL(very low) L(low) H(high)  HH(very high)
NO3 3 30 300 700
K’ 3 30 300 700
Ca” 3 30 200 500
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Key layer
Contaztlayer

M+ laysr
Metall (&) layer

Metal 2(P1) layer

Fig. 5.9 Layout of Key layer

Fig. 5.10 Size information of Key Layer
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ISFET H A%< 918k vpx~=3 fo]oj(Mask layer)©= 19 5113 %2
< TAE o] FojHth

1. Key (clear)

2. N+ (clear)

3. Contact (clear)

4. Metal 1 (dark)

5. Pad (clear)

6. Metal 2 (clear)

Fig. 5.11 Procedure of ISFET chip mask layer

ARAAE ANEY)AES g oz CADE o] &3te] AAsIY. 7|3
o7 AlgH 9ol (wafer)= HEHT Avl(polishing)® p-typee] Si
%]O]YHO]E]— Si%lolii ?401] SiOxE %38t Si waferet d5HF2S 4

° ) oL A Q]
S5 Hole AuZE 7533& %—?‘L A A8tk =3 PR(Photo Resist)S
F”ste] FAZt e Wdqste] Aztstd o wheA] AN HAS
5 Al e "He HIToR AMEEHE SiBNyE T3 AAlskith
SisNy= PECVD&E A& F3te 532 AlxstAtH (1 512, 513, 5.14).
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3, Contact layer

Fig. 5.12 Drawing of process step for ISFET chip
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Fig. 5.13 Drawing of N layer(left) and contact layer(right)
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Fig. 5.14 Drawing of Au(left), pad(middle) and Pt layers(right)
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Fig. 5.16 Features of ISFET chip with wire bonding and epoxy

coating
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5.2.2 ISFET < A s4dd
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Table 5.5 Compositions of NOs, K and Ca photocurable membrane

N03 K Ca
. TOAN valinomycin TMBPhPP
ionophore Y oo
3.9mg 2.3mg 4.1mg
Plastici TOP Dos DOPP
asticizer 59.4mg 46.4mg 55.1mg
. Eb270+HDDA Eb270+HDDA Eb270+HDDA
Matrix/Polymer 34.7mg 48.4mg 38.4mg
(Photoinitiator) (Irgacure651) (Irgacure651) (Irgacure651)
2.0mg 2.3mg 24dmg
Additive KTpCIPhB
0.6mg

ot

ISFET®] #At7tel AR/ HES A% A =28 7€ &
(Eggins, 2002)°l &7 38te] 29 5173 #Zo] OP AMPE ©] &3} One
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= JOlE A VgE AR Sa SN hrE BEE AR
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Fig. 5.17 Voltage circuit diagrams for detecting current signal(left :

One stage circuit, right : two stage circuit)
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Fig. 5.18 Features of NI6009 daga logger(left) and reference

electrode(right)
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Fig. 5.20 Prototype drawing of sensor array consisting of multiple
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Fig. 5.21 Features of ion-selective electrode(left) and ISE sensor
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Fig. 5.24 Circuit diagram of voltage source buffering and impedance

transformation
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Fig. 5.25 Circuit diagram of Sallen-Key Low pass filter
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Calculate the EMF value of
calibration sample(low, high)
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Fig. 5.29 Flow charts representing two different calibration methods

of 2-point normalization(left) and simple linear regression

methods(right)
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Fig. 6.1 Response curves of two NOs3—-N electrodes to different NO3—N
concentrations in mixed solution of NO3-P-K-Ca-Mg ions obtained

using direct measurement(left) and baseline correction(right) methods
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Fig. 6.2 Response curves of two NO3—-N electrodes to different NO3—N
concentrations in mixed solution of NO3-P-K-Ca-Mg ions obtained

using the 2-point normalization method
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Fig. 6.3 Response curves of two K electrodes to different K
concentrations in mixed solution of NO3-P-K-Ca-Mg ions obtained

using direct measurement(left) and baseline correction(right) methods
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using the 2-point normalization method
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Fig. 6.6 Feature of Ca ion-selective electrode(ORION)
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Fig 6.8. Response curves of three ISEs to different concentrations in
mixed solution of NO3;-P-K-Ca-Mg ions obtained using direct

measurement(left :NOs-N, right : K)
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Table 6.1 Regression equation between NOs-K-Ca concentrations and

EMF measurements for each NOs-N, K, Ca electrode

Coefficient of

Ion Regression equation L 9 SEC
Determination (R®)

NOs-N Y = -44.37logX +228.6 0.949 10.823
K Y = 60.526logX - 49.627 0.988 6.103
Ca Y = 27.343logX - 50.27 0.988 2.795
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(R"=0.988, SEC =6.103)
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Fig. 6.9 Response curves of three ISEs to different concentrations in
mixed solution of NO3;-P-K-Ca-Mg ions obtained using direct

measurement
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Development of Portable
Analyzer for Hydroponic

Nutrients

Kim, Wonkyung

Abstract

To meet an increased demand for high quality and safe agricultural
products, hydroponics, known as a soilless farming, has been
considered to be and effective cultivation method in modern farming
because the method can allow the efficient use of nutrients in
growing plants in an automatically controlled—greenhouse. The need
for protection and conservation of the environment requires the use of
a closed system in hydroponic cultivation that can reuse nutrients and
water while recirculating the nutrient solution. Because, automated
sensing of nutrients in hydroponic solution would allow more efficient
management of nutrients for crop growth, the objectives of in this
study were 1)to fabricate the ISE(ion-selective electrodes)
Sensor-Array and ISFETs(ion-selective field effect transistors) based
on various Ion-selective polymer membranes and photocurable
membranes and 2) to develop based on a portable analyzer that can

be easily used in greenhouses. Various ion-selective membranes for
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nitrate, potassium and calcuim were evaluated using an automated
test stand and mixed solutions of NO3;—P-K-Ca-Mg ions. And the
ISEs and ISFETs fabricated were tested with real hydroponic
samples (Paprika) with spiking and dilution. And the portable
analyzer consisting of ISEs and programmed with 2-point
normalization method for predicting the concentration of ions and data
collect system was developed and tested with real hydroponic
samples. The results of the ISE Sensor-Array consisting of the
nitrate and potassium 1lon-selective membranes showed linear
relationships between the amounts determined by the ISEs and
standard analyzers. When comparing the ions of NOs-N
concentrations determined by the NO3-N ISEs to the portable
analyzer values, on the average, the NO3-N ISE concentrations were
1096 higher than those obtained by ion chromatography with an offset
of 32ppm. The K concentrations determined by the K ISEs were
3.7% lower than those obtained by ion chromatography with an offset
of 24ppm. For use with the ISFET, the sensitivities obtained by NOs
and K ISFETs with photocurable membranes were 30mV/decade in
standard solution both. However, the performance tests were not
performed due to a problem of the ISFET fabricated in this study
with a current leakage across the silicon substrate, which was related
to a failure in the insulation process between individual source and

drain channels.

Keywords : ISE, ISFET, Sensor-Array, 2-point normalization,
Embedded systsem
Student Number : 2011-21246
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