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Meraci retazec
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napr. R; = Ry(1+at) referencii prevodnika.
elektrickej velic¢iny Potom:
Uggr, RRgF... t=(R/Rp-1)/
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Prevodniky teplota - elektricka
veli¢ina

Najcastejsie pouzivané principy
1. Zmena odporu ako funkcia teploty

* Termistor so zapornym teplotnym koeficientom (Negative
Temperature Coefficient Thermistor NTC)

* Odporovy detektor teploty (Resistance Temperature Detector,
RTD)
2. Generované napadtie ako funkcia teploty
* Termoclanok (Thermocouple)
3. Aktivne budeny system a ubytok napétia ako funkcia
teploty
* Polovodic¢ovy priechod (Semiconductor-Based Sensor)
4. Detektory elektromagnetického Ziarenia

* Bolometer (cez teplo)
* Fotodetektor (priama premena)
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Termistor NTC

Rezistor vytvoreny z polovodivého materidlu

* Objavené v 1833 Michaelom Faradayom, ktory skimal
polovodivé materidly na baze sulfidu striebra

V sti¢asnosti polovodice na baze oxidov manganu, niklu,
kobaltu, medi alebo Zeleza

Termistor neobsahuje P-N priechody

Odpor sa vyrazne meni s teplotou (exponencialne)

NTC ma zaporny teplotny koeficient odporu

Elektricky predstavuje meranie teploty termistorom problém
merania odporu s vysokym dynamickym rozsahom
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Termistor NTC

Hodnota odporu ako funkcia teploty (zjednoduSena verzia)

Rr1 = R eB(T_ll_%)

Kde:

R je hodnota odporu pri teplote T; (K)

R, je hodnota odporu pri teplote T, (K). Typ. 25 °C, t.j. 298.16 K

B je materialova konstanta pre konkrétny termistor (K). Typ. 3000 K-5000 K

PresnejSia Steinhart-Hart aproximacia
B, C, D

Rr1 = Rzs e(A+T+T_2+T_3)

Hodnoty A, B, C, D nijdeme v datovom liste termistora
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Termistor NTC
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Termistor NTC - vypocet teploty

Hodnota odporu ako funkcia teploty
B, C, D )

B(7—7) (A+rtg sy
Rty =Rppe M1 2 Rr{ =Ry eV T T2'T

Vypocet teploty z nameranej hodnoty odporu
1

[Al + By In (;;ZTS) + Cq In? (11;27;) + Dy In3 (ﬁ)]

T =
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Termistor NTC - datovy list

v www.vishay.com Vishay BCcomponents

ELECTRICAL DATA AND ORDERING INFORMATION
L SAP MATERIAL AND ORDERING NUMBER (
Ras | Ra5-TOL. | Bos/ss | Bos/gs-TOL. RECOG. NTCLE100E3....B0/T1/T2
(9) % | (K (+ %) A RoHS-COMPLIANT AU S AT A
cTNAUS WITH EXEMPTION (@ il

330 5 3560 15 v 331°B0 331°BOA

470 5 3560 15 v 471°B0 471"BOA

680 5 3560 15 v 681°B0 681°B0A

1000 | 2,3,5 | 3528 05 v 102°B0 102°B0A

1500 | 2,3,5 | 3528 05 v 152°B0 152°B0A

2000 | 2,3,5 | 3528 0.5 v 202°B0 202°BOA

PARAMETER FOR DETERMINING NOMINAL RESISTANCE VALUES

Bos/ss TOL.B B c D B, C D
NUMBER| “fgy° | NAME | ")~ A K | (K (K3 As (K-) (K2 (K
1 | 2880 |MAOMWI 3 | -0.004 | 225174 | 229098 |- 2.744820E+07|3.354016E-03 3 495020E-04|2.095059E-06 | 4.260615E-07
2 2990 g:,] ail:;gvg\)/gr( 3 -10.2296 | 2887.62 | 132336 |- 2.502510E+07|3.354016E-03|3.415560E-04(4.955455E-06| 4.364236E-07
7 3560 glnaiIE;S\ggIQ 15 [-13.0723 [4190.574 | -47158.4 |- 1.199256E+07 |3.354016E-03|2.884193E-04(4.118032E-06| 1.786790E-07
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Termistor NTC - aplikacie

+ NTC ma vysokt citlivost na zmenu teploty

+ Existuja vel'mi lacné termistory (jednotky centov)

+ Existuja vel'mi presné termistory (absolatna chyba 0,01 °C)
- Obmedzeny rozsah teplot, typicky -50...+150 °C

- Exponencialna charakteristika vyzaduje vysoky dynamicky
rozsah merania

/»/ \
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Termistor NTC - literatara

» Vishay NTC thermistors https://www.vishay.com/docs/29053 /ntcappnote.pdf

e TDK NTC Thermistor General Information - Technical Overview
https:/ /product.tdk.com/system/files/dam/doc/product/sensor/ntc/ntc_eleme

nt/general tech info/ntc thermistor general technical information digest en.pd
f

e Fluke Calibration https:/ /eu.flukecal.com/products/temperature-
calibration/probes-sensors/thermistors

* BIPM Guides to Thermometry - Guide to Secondary Thermometry - Thermistor
Thermometry (2014)
https:/ /www.bipm.org/documents /20126 /41773843 / Guide-SecTh-Thermistor-
Thermometry.pdf/87e2fdc8-14fc-e977-918e-
b801752d06a0?version=1.3&t=1593014016288&download=true
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Odporovy detektor teploty RTD

Rezistor vyrobeny z kovu so zndmym teplotnym sti¢initel om
odporu (Resistance Temperature Detector)

Vynajdené v 1871 Sir William Siemens
Prva prakticka aplikacia/produkt 1885, H. L. Callendar
Odpor sa menti s teplotou (takmer linearne)

Rezistivne senzory maja maja kladny teplotny koeficient
odporu

Materialy
* Pt najstabilnejsia, dobra linearita, -260...+850 °C, o. ~ 3,9x10-3 °C-1
 Cu najlepsia linearita, -100...+260 °C, o ~ 4,3x10- °C1
* Ni najvyssia citlivost, -100...+260 °C, a ~ 6,7x10- °C1

Elektricky predstavuje meranie teploty RTD senzorom
problém merania odporu s vysokym rozliSenim
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Odporovy detektor teploty RTD

Hodnota odporu ako funkcia teploty. NajpouZivanejsie
aproximaécie (rovnice):

* Linedrna aproximacia

* Callendar - Van Dusen

* ITS-90

Typické hodnoty odporu 0,25-2,5-25-100-1000 €2

RTD approximation comparison

G300l SPTS by ITS90 (reference)
o Callendar Van Dusen

- —— Linear approximation
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O] v m— g || = == b D. Valuch, M. Hubinsky: Meranie a kalibracia neelektrickych veli¢in - teplota
- NI |<&>S y y 3 12

40. ro¢nik sttaze ZENIT v elektronike, Banska Bystrica, 18. - 21. marec 2024




Odporovy detektor teploty RTD

Hodnota odporu ako funkcia teploty. Linearna aproximacia

RT = Rooc(l + at)

Kde:
Rt je hodnota odporu pri teplote t (°C)

Roec je hodnota odporu pri teplote 0 °C, typ. 25, 100, 100 Q
o je materidlova konstanta pre platinu. Typ. 3,851x10-3 °C-1

Hodnota teploty sa z nameranej hodnoty odporu jednoducho
vypocita z rovnice

RT 1
Rgoc
t =
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Odporovy detektor teploty RTD

Hodnota odporu ako funkcia teploty. Callendar - Van Dusen
aproximacia

Ryoc(1 + At + Bt?) 0°C < t < 661 °C

R.. =
T |Ryoc(1 + At + Bt2 + C(t — 100)t3) —221°C<t < 0°C

Kde:

Rt je hodnota odporu pri teplote t (°C)

Roec je hodnota odporu pri teplote 0 °C, typ. 25, 100, 100 Q

A, B, C st konstanty vypocitané z experimentalneho merania odporu
A=3.9083x103 °C!1 B=-5,775x107 °C? C=-4,183x10-12 °C-3

Hodnota teploty sa z nameranej hodnoty odporu vypocita
ako korene kvadratickej rovnice (kladné t), alebo numericky
(zaporné t)
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Odporovy detektor teploty RTD

Hodnota odporu ako funkcia teploty. ITS-90 aproximécia

Pre teploty 13.8033 K - 273.16 K

W,(T,,) = exp A0+Z [

(T,,/273.16 K)+l.5}i
1.5 ’

i

15 1/6 !
T90=273.16K[BO+ B.[WF(T"‘)) 0'65”.

273.16 K-1234.93 K

W.(T,,) = C+ZC[

T,, /K =273.15+ D, +ZD[

T, /K —754.15

481

}

W, (Tyg) - 2. 64}

P 0.35 1.64
i Ai Bi Ci Di
v 2 . . 2 0 -2.13534729 0.183 324 722 2.781 572 54 439.932 854
* Ref erencne funkc1e pre metrOIOgICke 1 3.183 247 20 0.240 975 303 1.646 509 16 472.418 020
]aborat(’)rié . 2 ~1.801 43597 0.209 108 771 —0.137 143 90 37.684 494
. . . 3 0.717 272 04 0.190 439 972 —0.006 497 67 7472018
 Normalizovana hodnota Wr platna 4 0.503 440 27 0.142 648 498 ~0.002 344 44 2.920 828
v <y 2 5 ~0.618 993 95 0.077 993 465 0.005 118 68 0.005 184
pre Vsetky menovite OdeI'y 6 —0.053 32322 0.012 475 611 0.001 879 82 —0.963 864
° ZlO Zitej éle na implement éCiU., ale: 7 0.280213 62 -0.032 267 127 —0.002 044 72 —0.188 732
P 8 0.10715224 | —0.075291 522 —0.000 461 22 0.191 203
b Uplne def 1n0vané 9 —-0.293 028 65 —0.056 470 670 0.000 457 24 0.049 025
, . ., 10 0.044 598 72 0.076 201 285
* Lahko Sa kahbru]u 11 0.118 686 32 0.123 893 204
12 —0.05248134 | -0.029201 193
o-\ ) ) ) ' 13 —0.091 173 542
u z EN i To D. Valach, M. Hubll’lSkY: Meranie a ki 14 0.001 317 696
Qoo - O ‘. 40. ro¢nik sutaze ZENIT v elektronik| 15 0.026 025 526




RTD approximation comparison

G300l SPTS by ITS90 (reference)
° —— Callendar Van Dusen
c —— Linear approximation
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Odporovy detektor teploty RTD

Error
_ 50 1 —— Callendar Van Dusen
Y 40 - —— Linear approximation
b —— |TS-90 reference
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Odporovy detektor teploty RTD

Senzory pre elektroniku a priemysel
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Odporovy detektor teploty RTD

Senzory pre metrologiu teploty
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Odporovy detektor teploty RTD

Pripojenie senzora a meranie odporu

Lead 1 Lead 1 Lead 1

2-Wire 3-Wire
RTD RTD

Lead 2 Lead 2
4-Wire
RTD
Lead 3
Lead 2 Lead 3 Lead 4

Figure 1-3. Two-Wire, Three-Wire, and Four-Wire RTDs
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Odporovy detektor teploty RTD

Pripojenie senzora a meranie odporu
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Figure 2-1. Two-Wire RTD, Low-Side Reference Measurement Circuit Figure 2-6. Four-Wire RTD, Low-Side Reference Measurement Circuit

Texas Instruments Application Note
A Basic Guide to RTD Measurements https:/ /www.ti.com/lit/an/sbaa275a/sbaa275a.pdf
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Odporovy detektor teploty RTD

Meranie odporu preciznym porovnavacim AC mostikom
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Odporovy detektor teploty RTD

+ RTD senzor ma stredne vysoki citlivost na zmenu teploty
+ Sir&i rozsah teplot, typicky

« -150 °C ... +450 °C (priemysel),

« 13,8033 K ... 1234,93K (metrologia ITS-90)

+ RTD sa pouzivaju v aplikacidch s najvysSou presnostou
(absolatna chyba 0,001 °C)

+ Vysoka stabilita a opakovatelnost

+/- Takmer linedrna charakteristika vyZaduje meranie
odporu s vysokym rozliSenim

- Cena, najlacnejsie tenkovrstvové sensory zac¢inaju na

jednotkach €/ks
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RTD literatara

* BIPM Guides to Thermometry - Guide to the Realization of the ITS-90: Platinum
Resistance Thermometry https:/ /www.bipm.org/en/committees/cc/cct/ guides-
to-thermometry

* BIPM Guides to Thermometry - Guide to Secondary Thermometry: Industrial
Platinum Resistance Thermometers
https:/ /www.bipm.org/en/committees/cc/cct/ guides-to-thermometry

* Texas Instruments Application Note A Basic Guide to RTD Measurements
https:/ /www.ti.com/lit/an/sbaa275a/sbaa275a.pdf
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https://www.bipm.org/en/committees/cc/cct/guides-to-thermometry
https://www.bipm.org/en/committees/cc/cct/guides-to-thermometry
https://www.bipm.org/en/committees/cc/cct/guides-to-thermometry
https://www.ti.com/lit/an/sbaa275a/sbaa275a.pdf

Termoclanok (Thermocouple)

Vznik napdtia pri spojeni dvoch r6znych kovov

* Objavené v 1821 Thomas Johan Seebeck. V8imol si vychyl'ku
kompasu vedla vodi¢ov z rdzneho materidlu ak sa jeden
koniec ohrial - termoelektrické napadtie

* Pouzivaja sa rozne kombinécie kovov, podla pozadovaného
teplotného rozsahu

* Generované napdtie je takmer linearna funkcia rozdielu teplot
 Typicka citlivost desiatky uV/°C

Elektricky predstavuje meranie teploty termoc¢lankom
problém merania napétia vel mi nizkej hodnoty
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Termoclanok (Thermocouple)

Najcastejsie pouzivané materidly a teplotné rozsahy

Table 1: Summary of the commonly used thermocouple types.

Thermocouple Temperature Material .
Typical usage
Type range description *
o ° . High temperatures,
A 0 °C to 2500 °C Tungsten/Rhenium reducing atmospheres
° o . . High temperatures,
B 0°Cto 1820 °C Platinum/Rhodium oxidising atmospheres
o o . High temperatures,
THERMOCOUPLE C 0°Cto2315°C Tungsten/Rhenium reducing atmospheres
Medium and low temperatures,
METALA [ E ~270°C0 1000 °C | Chromel/Constantan | Loy’ P
WIRING TO SIGNAL o . Medium temperatures,
CONDITIONING J —210°Ct0 1200 °C | Iron/Constantan reducing atmospheres
ikl Medium and low temperatures
T METAL B : K -270 °C 1300 °C Chromel/Alumel general purpose oxidising
Medi d low t tu
| N 270 Cto 1300 °C | Nicrosil/Nisil e
MEASUREMENT REFERENCE general purpose oxidising
JUNCTION JUNCTION o . . High temperatures, oxidising
R -50°Cto 1768 C Platinum/Rhodium atmospheres, good accuracy
High t tur idisi
S ~50°Ct0 1768 C | Platinum/Rhodium 181 Temperatuires, oxICISIng
atmospheres, good accuracy
o o Low temperatures,
T —270°C to 400 °C | Copper/Constantan good accuracy
. . . Medium temperatures,
Au/Pt 0°C to 1000 °C Gold/Platinum highest accuracy
High t tur
PY/Pd 0°Cto 1500 C | Platinum/Palladium 187 “empEratres,

highest accuracy

* Chromel and Alumel are registered trademarks of Concept Alloys, Inc.
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Termoclanok (Thermocouple)

Najcastejsie pouzivané materidly a teplotné rozsahy

THERMOCOUPLE
METALA [
&
WIRING TO SIGNAL
CONDITIONING
CIRCUITRY

T METALB LJ

MEASUREMENT REFERENCE

JUNCTION

JUNCTION

o (18 Maximum T/C
ANSI MC 96.1 Color Codin Alloy Combination MF 1 -
ANSI Code d o Grande temp. ;ax ("")z":'e CoEl:' Eg:d:‘ IEC Code
Thermocouple| Extension +Lead -Lead range > e g
4+ O+ s
o) - NICKEL- NICKEL- | _ o
K 4 A , - | crromium| ALuminum | 270t 1372_'° -8.458 to 54.886)| // .
‘ X s : : -454 to 2501°F
et Ni-Cr Ni-Al
CONTANTAN
D+ O+ IRON '
>t Dt COOPER- | -210t0 1200 58
4 4 b NICKEL | -348to 2103F | 8085 10 89.553 k#
/ / (magnetic) Cu-Ni
CONTANTAN
" / Z| corPER | COOPER- | 270t0400T | 0 0 oo ,&’:
‘ : ‘ cu NICKEL | 4540752 | : ‘ 7
Z Cu-Ni Z
] CONTANTAN
)+ v+ | NICKEL- .
r & COOPER- | -27010 1000C :
J ] -9. 7 |5 o -
‘ & ‘ ’ CHROMIUM|  “0 L o™ | o o 1gan | 9835 10 76.373 /
/ Ni-Cr B ‘
Cu-Ni
L '+ | NicrOSIL NisiL | -270t0 1300C P
f',. -4.345 t0 47.51 Z7
‘ &/ Ni-Cr-Si Ni-Si-Mg | 450 o0 2372°F oo 4 < N
| PraTinum- &
NONE ,’r;f 10% PLATINUM | -50t0 17887C R
ESTABLISHED) ‘/ RHODIUM Pt 58 to 3214 | 0238 0 18.683 ﬂ( ' S
: Pt-10%Rh
PLATINUM-
NONE . 13% PLATINUM | -50to 1788 , y
ESTABLISHED] ‘ ’ RHODIUM Pt 8103214F | 02280 21.101 &/ & R
*, Pt-13%Rh
PLATINUM-
PLATINUM-6% 1 )+
D NONE | % 0to 1820 &
= ) RHODIUM 5 0to 13.820
ESTABLISHED) RHODIUM | D000 | 32t03308°F A
" Pt-20%Rh = :
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Termoclanok (Thermocouple)

Termoelektrické napétie pre jednotlivé druhy termoclankov

90
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-250
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Figure 3. The Seebeck coefficient for common thermocouple types.
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Termoclanok (Thermocouple)

Vystupné napdtie v pracovnom rozsahu

s I S T
2= Type N
| == Chromel-AuFe0.07
O — TypeT [ 1
— =2 -— ----------------------- =
> |
£ |
~ _4 RREEEEI SR il
S .
) 6l S _
PN - .5 | — Typek
| — Type)
! : = Type E
-10E——----- | = & sussdane & & deewsns f - - - T——— T
—-270 —-200 —-100 0 22

8OF T S R S
YPeE e M
ok Type )/ PS T
b I S da Wpek ]
; 2V p A S 4 S Sype' N
Eaoliviif S A
§30_ ........... S d
" Type/T/, Pt-Pd
20—'; """ /P2 AU-PY T =i
10} -------------------------- -
(]S P AT .

V| | | |
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Temperature T (deg C)
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Termoclanok (Thermocouple)

Vystupné napdtie ako funkcia teploty. Zdroj NIST ITS-90
Thermocouple Database https:/ /srdata.nist.gov/its90/main/

b= ZCI‘ (f90)f
i=0

7
. 2
E = ZCJ’ (t90 )3 + aoea1(390—az)
1=0

Type K Thermocouples Coefficients in mV

-270°Cto 0 °C

0.000000000000x10°

0.394501280250x10-1

0.236223735980x10-4
-0.328589067840x10-¢
-0.499048287770x108
-0.675090591730x10-1°
-0.574103274280x10-12
-0.310888728940x10-14
-0.104516093650x10-16
-0.198892668780x10-1?
-0.163226974860x10-22
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0°Cto1372°C

-0.176004136860x10-1
0.389212049750x10-
0.185587700320x104

-0.994575928740x107
0.318409457190x107

-0.560728448890x10-12
0.560750590590x10-15

-0.320207200030x10-18
0.971511471520x10-22

-0.121047212750x10-%

0.118597600000x10°
-0.118343200000x10-3
0.126968600000x10?

https:/ /srdata.nist.gov/its90/main/
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Termoclanok (Thermocouple)

Teplota, ako funkcia generovaného napdtia. Zdroj NIST ITS-90
Thermocouple Database https:/ /srdata.nist.gov/its90/main/

tog=dy+ dE + d,E* + ... d _E"

Type K Thermocouples Coefficients in mV

SIS -200 °C to 0 °C 0 °C to 500 °C 500 °C to 1372 °C
Range:
Voltage Range: -5.891 mV to 0 mV 0mV to 20.644 mV 20.644 mV to 54.886 mV
d, = 0.000000x10° 0.000000x10° -1.318058 x102
d, 25173462 x10! 2.508355x10! 4.830222x10?
d, -1.1662878 x10° 7.860106x10°2 -1.646031 x10°
d, -1.0833638 x10° -2.503131x101 5.464731x102
d, = -8.9773540 %101 8.315270x10-2 -9.650715x104
ds -3.7342377x10-1 -1.228034x10°2 8.802193 x10-6
d, = -8.6632643x10-2 9.804036x104 -3.110810x108
d, -1.0450598 x10-2 -4.413030x10°5
ds -5.1920577 x104 1.057734x10-
ds -1.052755x10°8
Error Range: -0.02 °C to 0.04 °C -0.05 °C to 0.04 °C -0.05 °C to 0.06 °C

TN

o

©
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Termoclanok (Thermocouple)

Termoelektrické napédtie zodpoveda rozdielu napatia medzi
studenym a teplym koncom.

o

External RJC 3

+ Metal 3 Metal 3 an
O 3

O L 2

\ Vre(Trc) ) Vo=Vrc(Trc) =
O J S

-  Metal 2 Met;1/3 Metal 3 .§
5

(R R AN S S—— S

" “ 9

| 0°C | :

| | S
oo o 3

: V,,(0°C) V,2(0°C) : 9

" o o " Reference B

1 [Val(0°C)+V,,(0°C)=0] | junction i

X

8

®)

W
N
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calibrate a thermocouple



Termoclanok (Thermocouple)

Termoelektrické napédtie zodpoveda rozdielu napatia medzi
studenym a teplym koncom.

Intermal RJC
+ VJl (TJ’ : Metal 3
O—1L_n
\V'rc(Tm) V,%(; ) i a Vo= Ve[ Trc)+ [V (T)) +V 2 (T)))

temperature

|

|

: Reference junction
: _’ 'I‘J J

|

|

|
|
I
I
|
I
|
- Metal2
|
I
I
|
|
|
I
I
I

Reference
junction
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Obrazky: Fluke Calibration application note: How to

calibrate a thermocouple



Termoclanok (Thermocouple)

Senzory pre elektroniku a priemysel

Foto: Labfacility
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Termoclanok (Thermocouple)

Termoelektrické napétie ale vznika aj kde ho nechceme...

Problém napr. pre velmi preciznu meraciu techniku

Paired Materials uv/iee Q) p
Copper-Copper <0.2 /

Copper-Cadmium/Tin Solder 0.2 e
Copper-Gold 0.3
Copper-Silver ;

Copper-Brass
Copper-Lead-Tin Solder

Copper-Aluminum

Coppor-Nickel SPECIFICATIONS

Copper-Kovar Contacts

Copper-Copper Oxide Arrangement 2 Form C
Initial contact bounce, max. 1ms
Contact pressure Approx. 6 g .21 0z
Initial contact resistance, max.
(By voltage drop 6 V DC 1 A) g
Electrostatic capacitance
(Contact to contact) Approx::lpr
Thermal I ginqie side stable 35 uV
electromotive
force (at nom- )
inal coil voltage) | Latching type 1uVv
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Termoclanok (Thermocouple)

+ Siri rozsah tepldt, od kryogenickych po >2500 °C

+ Odolnost

+ Cena

+ Najjednoduchsi prijimac je ruc¢ickovy millivoltmeter

+/- Takmer linedrna charakteristika vyZaduje meranie
napdtia s vysokym rozliSenim

- Meranie vel'mi nizkych napéti v zaruSenom priemyselnom
prostredi

- Pre presné merania nutna referen¢nd lazen 0 °C, alebo nutné
poznat a udrziavat teplotu studeného konca s vysokou
presnostou
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Termoclanok literatara

* Bureau International des Poids et Mesures - Guide to Secondary Thermometry.
Thermocouple Thermometry: 1. General Usage
https:/ /www.bipm.org/en/committees/cc/cct/guides-to-thermometry

* Guide to Secondary Thermometry. Thermocouple Thermometry: Thermocouple
Thermometry: 2. Calibration
https:/ /www.bipm.org/en/committees/cc/cct/guides-to-thermometry

« NIST ITS-90 Thermocouple Database https://srdata.nist.gov/its90/main/

* Fluke Calibration application note: How to calibrate a thermocouple
https:/ /s3.amazonaws.com/download.flukecal.com/pub/literature/6004550c-
how-to-cal-thermocouple-an-w.pdf

« ELSO Termoclanok - popis, zliatiny a napatie
https:/ /www.elso.sk/sk/blog/technologie/termoclanok
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Budeny polovodicovy priechod

Prad pretekajaci P-N priechodom je vel'mi zloZita funkcia
teploty a parametrov polovodica

Tato zavislost vieme vyuzit pre meranie teploty
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Budeny polovodicovy priechod

PN diode Voltage-Temperature Characteristics

A pn-diode can be used as a thermometer because the saturation current of a diode is temperature dependent. This is convenient for measuring the temperature of a circuit.
The current-voltage characteristic of a diode is described by the diode equation,

Tl v \_1) [
= ex — .
S P kpT
Where I is the current, Is is the saturatuion current, e is the charge of an electron, V is the voltage, kg is Boltzmann's constant, and 7" is the absolute temperature. For a pn-

diode, the saturation current can be written as,
D D
p n
Ig = Aen? ( e ) )
i \L,N; * L.N,

Here A is the area of the diode perpendicular to the current flow, n; is the intrinsic carrier concentration, N, is the donor concentration, IV, is the acceptor concentration, D,,
is the diffusion constant for electrons, D, is the diffusion constant for holes, L,, = , /D, T, is the diffusion length for electrons, L, = Dyty is the diffusion constant for
holes, 7, is the minority carrier lifetime for electrons, and 7, is the minority carrier lifetime for holes.

The intrinsic carrier density is a strong function of temperature,

T 3/2 T 3/2 _Eg
o Nc(%) Nv(%) exp(szT>'

Here N, is the effective density of states in the conduction band at 300 K, N, is the effective density of states in the valence band at 300 K, and E, is the band gap. The
temperture dependence of the band gap can be input into the form below. The diffusion constants are related to the mobilities by the Einstein relation,

_ unkBT D = p’PkBT

D
n e P e )
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Budeny polovodicovy priechod
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Budeny polovodicovy priechod

* Vyuzitie v praxi - zdroj napdtia priamo timerny absolttnej
teplote realizovatelny polovodi¢ovymi technolégiami na

Clpe
;2eNI(©

ViN ?
R é R

=1 3
L 2 1l - ’_OVBandgap
Qn 1
AVBE R
. O Vprar
1 k In(n) 2R
Mprag =l Ly 1

Figure 6. Vo, Temperature Sensor
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Budeny polovodicovy priechod

+ Hotové riesenie vo forme integrovaného obvodu, analégovy,
alebo digitalny vystup

+ Lahko realizovatel'né na ¢ipe standardnymi technol6giami

+ Cena

+ Mozna kalibrécia priamo z vyroby

+/- Stredne dobra presnost, typ. 0,5 ... 5 °C, $pecidlne 0,1 °C

+/- Nizky rozsah teplot, typ. -40 °C ... 125 °C, Specidlne
senzory -550 °C ... 155 °C
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Polovodicové senzory literatara

« PHT.301 Physics of Semiconductor Devices: PN diode Voltage-Temperature
Characteristics http:/ /lampx.tugraz.at/~hadley/psd/L6/VT ILphp

« Lipsky, A. H.; Hurtig, C. R.; Martindale, R. B.; Jackson, W. D.; Nelson, R. E.
Transistor and Diode Studies https:/ /dspace.mit.edu/handle/1721.1 /52058

» Texas Instruments application report SNAA267A Semiconductor Temperature
Sensors Challenge Precision RTDs and Thermistors in Building Automation
https:/ /www.ti.com/lit/an/snaa267a/snaa267a.pdf
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Detektory elektromagnetického
Zlarenia

Ziarenie ¢ierneho telesa
 V 1859 Kirchhoff definoval ¢ierne teleso ako objekt, ktory je
idedlny ziari¢, alebo absorbér Ziarenia

* Dekada 1890-1900, experimentalne a teoretické pokusy
definovat spektralnu distribtciu ziarenia - kol'ko energie sa
vyZaruje na akej vinovej dizke ako funkcia teploty

* 1900 Max Planck teoreticky odvodil spektrum vyzarovania
zo zakladnych prirodnych principov (Nobelova cena 1918)
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Detektory elektromagnetického
Zlarenia

Ziarenie ¢ierneho telesa

Spectral Radiance and Temperature

oo \ BLACKBODY RADIATION
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Detektory elektromagnetického
Zlarenia

Emisivita materidlov: Parameter vyjadrujtci schopnost
objektu vyZiarit elektromagneticka energiu (teplo)

* Lesteny kov 0.0 Vyzarovanie z povrchu objektu

» Cierne teleso 1.0 Vyzarovanie Cierneho telesa
Material Emissivity Values

1.0um 1.6um 8-14pym
Aluminum
Unoxidized 0.1-0.2 0.02-0.2 n.r.
Oxidized 0.4 0.4 0.2-0.4
Material Emissivity Values
1.0 ym 5.0 ym 7.9 pm 8-14 pm

Asbestos 0.9 0.9 0.95 0.95
Asphalt n.r. 0.9 0.95 0.95
Paint (non-Al.) 0.9-0.95 0.9-0.95
Paper (any color) n.r. 0.95 0.95 0.95
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Detektory elektromagnetického
Ziarenia - literatara

 This Month in Physics History: October 1900: Planck's Formula for Black Body
Radiation https:/ /www.aps.org/publications/apsnews/200210/history.cfm

» Emissivity Values for Metals https:/ /www.flukeprocessinstruments.com/en-
us/service-and-support/knowledge-center/infrared-technology/emissivity-
metals

* Emissivity Values for Common Materials
https:/ /www. flukeprocessinstruments.com/en-us/why-use-pyrometers %3F-0
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Kalibracia

Kalibracia (calibration) je akt porovnavania testovaného
zariadenia (DUT) neznamej hodnoty s referencnym
Standardom znamej hodnoty.

Kalibracia sa zvycajne vykondva, aby urcila chybu merania
alebo overila presnost nezndmej hodnoty DUT.

Justovanie (adjustment) \ SI Units
2 , BIPM, NMI's
-l Primary standards

Secondary standards
Working standards

Process instruments
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Kalibracia

1. Kalibracia porovnanim merania DUT s meranim
kalibrovaného referen¢ného Standardu, alebo voci zdroju
znamej hodnoty definovanom zékladnymi prirodnymi
kon$tantami - primérne etalony (napr. kvantové javy,
trojny bod vody, tuhnutie materialu).

2. Kalibracia porovnanim so zdrojom znamej hodnoty -
sekundarne, prevadzkové etalony. Napr. meranie
hodnoty kalibrovaného referenéného standardného
rezistora kalibrovany ohmmetrom. Referen¢ny rezistor
poskytuje zndmu hodnotu ohmu, naviazana na primarny
etalon.
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Kalibracia teploty - zdroje znamej
teploty

1. Zdroj teploty na zdklade definicie:

 Bod tavenia, alebo tuhnutia vybranych latok - “Defini¢ny
pevny bod” (Fixed point cell) (Hg, Ga, In, Sn, Zn, Al, Ag, Au,
Cu)

* Trojny bod kvapalin a plynov (H,O, Ar, O,, Ne, H,)

2. Zdroj konstantnej teploty + referencny teplomer
» Kalibra¢né lazne
» Kalibra¢né vanicky
» Kalibra¢né piecky
» Cierne teleso
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Kalibracia teploty - zdroje znamej

teploty

Bod tavenia, alebo tuhnutia vybranych
latok - “Detini¢ny pevny bod” (Fixed

point cell) (Hg, Ga, In, Sn, Zn, Al, Ag, Au,

Gold 1064.18 °C

Cu)
Assigned value of
Substance temperature

too / °C
Mercury (tp) ~38.8344
Gallium 20 7646
Indium 156.5985
Tin 231.928
Zinc 419.527
Aluminium 660.323
Silver 961.78

ZENITOY

Copper 1084.62 °C
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Kalibracia teploty - zdroje
teploty i

“Detini¢ny pevny bod” (Fixed point cell)

. ——
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Kalibracia teploty - zdroje znamej

teploty

Trojny bod kvapalin a plynov (H,O, Ar, O,, Ne, H,)

ey
e

Substance Hydrogen Neon  Oxygen Argon
Ty /K 13.8033 24.5561 54.3584 83.8058
p/kPa 7.034 43.379 0.1464 68.892
Our / (J/ mol) 117 335 it 1188
Our / ccu 90 33 4.4 6
A/K! 0.0739  0.0668 0.0181 0.0203
A/ (uK / 10 mole frac 14 15 55 49
dTso/dp (10°* K / Pa) 34 16 12 25
dTy/dl (10 K / m) 0.25 1.9 1.5 33
A/ (W /(Km)) 0.103 0.117 0.196 0.125
/(g/L) 71 1206 1141 1392
ps(g/L) 87 1444 1351 1623
¢s (J/ (K mol)) 6.2 243 46 33.2
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Pressure P (kPa)

Kalibracia teploty - zdroje znamej
teploty

Trojny bod vody: 0,01 °C

® D
] C
Water Isotopic composition of the cell water
Ice (liquid)
(solid) Natural water is a mixture of four main isotopologues: 'H,'°O, 'H»'’0, 'H»'*O and
- 2H'H'®O. The Mise en Pratique for the definition of the kelvin, MeP-K [BIPM 2011]
= Triple requires the water in the TPW cell to have the isotopic composition:
point 0.00015576 mole of 2H per mole of 'H,
o}
°© 0.0003799 mole of '’O per mole of °O, and
Vapors
/ (gas) 0.0020052 mole of '*O per mole of 'O,
A which are the amount-of-substance ratios of Vienna Standard Mean Ocean Water
> (VSMOW), based on the best measurement available [De Laeter et al. 2003].
o o = w
2 8 N
Temperture T (°C)

https:/ /psiberg.com/ triple-point/

‘N

T
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Kalibracia teploty -
zdroje znamej teploty
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Kalibracia teploty - zdroje znamej
teploty

2. Zdroj konstantnej teploty + referencny
teplomer

 Kalibra¢né lazne
» Kalibra¢né vanicky

(i
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Kalibracia teploty - zdroje znamej
teploty

2. Zdroj konstantnej teploty + referencny teplomer
» Kalibra¢né piecky
» Cierne teleso

FLUKE R[5

e Calibration
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Kalibracia teploty - literatara

» de Wijjs, Gilles A. and Kresse, Georg and Gillan, Michael ].: First-order phase
transitions by first-principles free-energy calculations: The melting of Al DOI

10.1103 /PhysRevB.57.8223

« CCT Guidebooks: Guides to Thermometry
https:/ /www.bipm.org/en/committees/cc/cct/ guides-to-thermometry
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