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ABSTRACT

This thesis presents circuits for improving sensitivity of PTAT temperature measuring
circuits using p-n junction diodes.

The principle presented here is to use the difference between the temperature dependency
of voltage drop across p-n diodes and breakdown voltage of a zener diode to improve the
temperature sensitivity. To increase the sensitivity further, one can add more p-n junction diodes
connected in series and use a zener diode with higher breakdown voltage and the supply voltage
should be adjusted accordingly. From the experiment, a PTAT circuit with a p-n junction diode, a
zener diode with 5.1V breakdown voltage and a 6.9 V power supply has the sensitivity about 2.3
mV/°C in the temperature range from -60°C to 160°C. The sensitivity increases approximately 23
times comparing with conventional PTAT. The output signal is large enough so that there is no
need for an external amplifier as in the conventional PTAT. The circuit consumes about a
260mW. The circuits tested in this thesis were built with discrete components but they can be

designed for an IC in the future.
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liquid-in-glass Fumo$ Iudlimesuyviiidenne Ismaoudiegn danutanguuaz1danu
$w uatideidofsuaniin lddio mIinouateIReguUMHIABLAIH TINAINNYNABIVDY
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m3favziuduiinuzuazszaumsalvoadiims Jauazsmaniludidy muzdmiy
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voualumisasaviagumgiinuumes Tuimesuuudseniialeg 238K @i 783K (w30
o = o - o 4
Usgum -35°C @ 510°C) wazveuwalumsasiviaguugiinuuimes luiineiuoaneand

W liegi 193K 4 343K (W3o1lszann -80°C i1 70°C) Wudu



g 2.1 mwmes Tuflinesiuy liquid-in-glass

2.1.2 qmwﬁ‘ﬁmwmuﬁwaﬂnﬂz (metal expansion and bimetallic strip)

uiififndh “bimetallic strip” WLy qﬂﬂsn‘{%aﬂi:ﬂauﬁwuﬁuiaﬁzﬁawﬁﬂﬁﬁ
AR LATMAUTSEANE M3Y018 (coefficient of expansion) A1 NNBAAA
3o dwaasluzilil 2.2 @oheveausulansg bimetallic strip Aol i
wiumeumdesdaiimdunlszang msveudogs fuwiuTansnaussnhanin-infadiian

dulszanimsvenuaifl

=
7 Anaesthesiallx

[}

91 2.2 n ki Taneq bimetallic strip

= - Tjol; £ & i 199 v 2 =< v o A
N3l 2.2 vmuin)aedunilsveausiv Tanzs bimetallic strip §NUABYAUY LAz
& ' o o w 1 ad 4 ' H o da
iflesninmiduyszdnimsvoedidegungiiin/aouulas lveriuTangisasswiianl

Wk i 4 - 3 ° 1 - 2
sy dauiuiegamgiseudreiimsnlasumladaiiudu Tansginans e



duldaudadmvesmgungiiinlaoumnlasly guauiAveausuTanzs bimetallic strip
a v o o 1 o o o = J ¥ =
danandeduilundnmisiauiuguidifgveunes uiinesuuy bimetalic Yofvos
" =Y o aor 1 A A o 9 ' o = o

wmes ludimesasnaiife omumsimaunhenduwuumes ludwesuuulsonuazeuse
nldlunugaamnssu1d dadeio inanevaussdegumgiineudrad uazdoains
asuiioylunisianaiooiiiosninnavesuruTanzg bimetallic strip unzdmTusinnly
Tulsanugammnssulunszuaumsnda Tasmmizasiviagangilumusn I veds
: -~ ¥ : o ar < o

1hdou niendelesedugelasvevivalunisasisiaguuginvuialdves

1Me3 TuTRe3 1Y bimetallic 71 238K §1 873K (M301)s20101 -35°C 3 600°C)

2.1.3 AUENUAYeIMANNMUNMIUMA N (electrical resistance)
Auauiavesmanudiumunie ihvesiaganitla 4 sziinsulsarluauwa
voegangiisoudis Tasianuduiussenitdnnudmunuguuginundounas

¥
mnsasuesuielddwaunadadudeas T3]

R =R,(1+al) (2.1)

do R, Ao manudunuiifhuesTagdnimgamaiiniiiy o °c fimiruidluTevu (Q)
R, fo Amamdiunmlifhvesiagdnimgamaiiviny toc iminilules (Q)
24 Vo a & a N £ v o 9
a #e mduilszansguugivesmanumumu Iihvesiagani

ar o 1 ] -a' = U

nsdindaganivsiatuizimdulszdnigungiivosainnudruniu vl

q o

D.
-

4
ot 1

AU AIAn3199 1.1 Faaaadedumdulszandguvgivesamnudumu i @)

v daaaninewiia

¥

M3 1.1 mdudszanigumgiivesninnuduniu wi (@) vesiaganinnayiia 3]

Fagani dulszinigamgiivesmanud i (@)
NDULAY 43x10°
Qu 39X 10°
man 6.5X 10°
Hnina 6.5X10°
naniu 39X 10°
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d =t

=
2.1.3.1 ©13Na (RTD : Resistance Temperature Detector)[4]
o o o aa o wqdr U 3
915 na iWudinssiagungiminerguaianugmsznaeanudiunu b
o ot o ar = é L o 1 J Q'
vosiagdaninuguugiseudnamlszgnaldau dmnnudumudinanesiaunuaiy
=) 1 o/ _= Q’ 1 -
gungll Fon “duilszd@nimsnlasuuaauuuuIn” (Positive Temperature Coefficient:
PTC)
15D 1AT (Conductivity: o) w3 aduilszAnigungiiveslanzlag Tun
o s ' 9y o e = ' as o a =
AAUNUATAIINATUNIUIUNIZ (resistivity) Fudluarunduvesaninii nezuldsunlasuny
3 3
wiilududusveungiludmgungives iy ezgiifion neauawazdu wlisuiuiu

4 el o o ' 4
sz 0.4% Lﬁﬂqmﬂgmwwu 1 9971LARU cmuﬁmmmmm%ﬂaﬁﬂm"l?fﬁ‘]u

O =—pLH, (2.2)

4 : T a d = PR
1119 p, = ANMUMUIIuYeNsyyRAnnsauadsliaulluay

4 = a o
1, = AMENAT0 WM3naouN 1AveIBianasou; mV. s

Tausannsoagiaamni o veslawgi 1o iala 4 s

- uwaniiu ﬁ‘luﬁﬂﬂﬂ%mﬂﬁqﬂ Weouyen iy pT 1Au0 PT-10, PT-100 uaz
PT-1000 ﬁmmﬁmnn‘lunwﬁm’s"]qa usa2m1ad1 T
Wendsufvfin@adeianummisalunsigites usiinawlunnd
51MQNNN

- NIRRT ﬁmffwmﬁfimamﬁmmuﬁuw1:@"31

- Femaudidenudamuiunsduiuige Tnldfuns Tagunginiisig
mszmnlFigumginAssiinnunlsemaunzondons 1y

a a ar W = a o o a = o -
- finifa WiudmSagungiiqen Sanududadudr ildidanisasi(drif)

td »
bl o S |

w Ao =q 9 o Jaa Y 1 o ¥
AUNIAT UHDNITNU Qn?ﬁﬂ%uﬂﬂuq“i%“']ﬂ']iﬂﬂ Vlﬂuﬂ Lﬁﬁﬂl"ﬂu%u

uazannsamIaNuduRus sz e NuduMuigungiin/dsunlasldnn

G

] =

o a - C-a =Y o o o o L o [ 1A
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a a { ' o ar ¥
anuiuFadugs Agulldnnaunsi 2.1 dumsihounianaziimunsolynu
! = 1 39 o w A o ow e ' 9 A =4 i o -; as 4
Turegungiigs diudesina Aeunaiiviisimaeudraumalonsoumsuiuiie Jagou
o
@ finifa nouas uduisdalinaneuauesdugungi iAo naneuauId
E Y o o [} o adq 9 [ a J
maguna1 mitherina ll¥dmnnzi ldszgnaldlunuuuumes lulimesuuy

. x < oo ' =
electrical resistance WU 1A TugAaIMNITUMINAAAIY 1BU QATINNITUMISHANDINIS
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31 2.3 dnuaizued RTD ¥HAA1NY

d d
2.1.3.2 me3lianes (Thermistor)[4]
M3 HMADS BINAIN “Thermally sensitive variable resistor” Wudnieia
= & zs' o o ot I o ar -
quugiisnlszammilsiiordunnuduiugsendunnudmumuiiivesiagivgungil
L] = a s da d o o N\ P g 3 £ H
WUIAEINU D13 NA 1o THaA 1191 nsaia 130 A1 (semiconductor) Fududunay
¥ w I'd ] =1 a = - - 9/
sendranoaasin Tanzeon lad Wy uuamita dnida Tauea wieTasifiow iudu

v
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oy gk ) ¥ A A s 4 o o '
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9

=3

l:yd . | o = ﬂ‘ i = A i l:ly
fiGenhil-dulssAnimanlavuwlasguugiifluay (@ui®) asnlasunlasiiszuls
T a = = 2% o o a &
auany liusgn lunsdedu mindethunmiull mstedniesiidulszdnives
gamgiidiuuIn amnI0es e I ANRUT sEnINA IR MMUMIUAUguYYiagugy

& o o d T ¥ a w 4
exponential FIAAINNUAUILTTTNINANWAUMIUABRUNAIT TARITNMITN (2.3)

R, :Roexpﬁ(%——;'—) (2.3)

24 ¥ da ot a1 oo
o R, —anudumumesiameingungimiiy TROQ
sa e P a A
R, = anwdmum Ifhwesmesiimansi 25°C nisguungiidndou, Q
. ¥ 1 e
B = masiiveanesimasiimizoiiusmnadu Feiimauegivriaves

a9
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€
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~
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1 ci s oo 3 1 - | ar da R ~ s
Tihaemsnldoulasguungil daiu o mguvgiRerdumesimaeidsliguauiaves
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=

9
Am1e1i9a na1lunisaeuauelveumesimaesvuegivlszinnvesiaquay
v
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anmaadon 1wy fussyeglusininiunaneyausalszinm 0.5 Jund nazduilumes
o da A o A 1 ) =] = =t = a
Nemasiauavinunedlueimaenzldnailumsaouanodds 10 3w uaziinuil g
9 1 o = A A 0’: @ = o A ¥ 4
Funaztrwmaian ianheniia snndsannsafailymmssuiannuiouneluld

o or = = 1 = o a o
Tuvaz1dSundsnuieansi5ond (self-heating)  Favzi ldimesimaosianinadiuy

E v "
arumugau lave himuztwsinnldauidesnmsanuazidvagalumsnouausine

= = =3 oo {

gamgil gilnsweunesiawmesawsesenuuyliTvuann lashdinalimsnlasuuias

a o 9 =] o () o a o ‘| 9 = ﬂ;d-g = Vly
vesguugin ldedesang i ldmesiamesgunsathunlsluuSnuninuiuayla
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aufuansoiuneiimasi dsegnd I ludavuzaunisdiunisunnd ms
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AsvADUQUNYIVEIIMEBIANNIaTindiiudy

youalumTaariaguugiiveanssimasiinmalilegluganlszunm 173 K

7

89573 K (-100°C 3 +300°C)

91 2.4 dnuizveamesiameiwiianieg

2.14 qmu‘mﬁnulﬂénuuﬂnqqmﬂqﬁlﬂui’qmmmﬂﬂ% (Thermoelectricity)

auauaveamsuasugangiiiudyaiaumaliih (Thermoelectricity) Mol
o ldihdeduiia Taondanuanmden

1390930l Seeback effect tAAINMIINT Tanzdniwanuaotia wu Dasd
fumosanindeuaudrdroiunaz Ianudeuszilfidausundou i1 emf[4]

4 c; = é 4 d’u ar =]
(electromotive force) AuTitawdndumils uazSonusaunaou i «useduliiy ne
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¥
See Back voltage ; ¥,” HO¥HANNIUDY Seeback effect fitaeldgniiluiszgnaldiduds
[ a :: A o o
A0 IAQUNNNUALAIYD I “nes lumlitla”

wmo$ ludalila Ao ginsaliaguugiiTasldnannsuldeuudasguuginieni

ey = [

Zouluusundou v emf) mos lualavwnannlanzdanimanarianu 2 #9

' @ V o A ' : ¥ L | ¥
(llﬂﬂﬂ‘NﬂU'ﬂ"NIﬂ?Qﬁﬁ'N‘llﬂQﬂzﬂﬂﬂ) NTUTL’ﬁﬂﬁJﬂﬂﬂﬂ']UVNﬁE]QﬂJTQL‘iﬂﬂ'}lﬂﬂu‘ﬂﬂaTUﬂTu
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wils Sonayadaguugil daudarwdnduniinlasolald Sondigadieds minuia
Y a

= = a o o @ et ° o o «i’f
gunfiuazyadadngungiaeny nwziivimaihnszualulwesmesludidlassaos

F 4 ¥
YuAsgi 2.5

Thermocouple

Lead wire Gage
+ A A\ +

i t
Tp‘7< ( ; \ vat

WY

e

Target

surface Ice bath

(known constant
temperature
for reference)

Reference junctions

UM 2.5 usandounanAs pYI3A

Taosunsainsgiusunaeu it & Tavldngui] Solid-state nazldainnis

Integral QUUNIAITUNITN (2.4)

£= ](Q,, ~Q,)dT (2.4)
/7

wafl IR INTN1I(2.4) 9Enu i

- emf. FiAnduIzTudadaufuaiuandavegumgil Sufana AN
vosmnedi lumsdariunnudouvealany

- ¥ Tansviiadeafuumiuned Tusidan emf i 1dviuguduas

¥ = n’: - o P - o 1 o ﬂ o
- fgunginsaeganeyaiauazyaddaumilauiu emf. Neztlugud

¥ ¥
Taoawssdueanai ldnnmes TusulaiuszlisuiudadiuTaunsafumanis

ad a 4 o 1
YoegunYiingad1ne dam ldninarwduiusvesaunisae il
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V=a+bT +cT?+dT’ +eT* + [T’ (2.5)

@ o o o ) ' o
Tav ¥ fie ussdumianaveames lumlila fimizeiulad
T 79 guniiNgansIvdoy

" o & o o 3 o = o = o
wae a,b,c,d,e, f Ao masnguduianruvuivsiaves lanzaniimnim

¥
Audhumes Tudiila

a = 3/

Tasninaisimes luddiflanninsiguignd seldanuilududundannse

9

.
o o o

Agnl ldninaums 2.5) usuadeu lihi ldseudresdi liinailymidesdyanusuniu
1nM3197 1.2 uarasnny lalasi s iianiagnai 100 mv /°C uazlugdii 2.6 2
=1 " g = a” a 3 [ o Y] A =1 = ar
wuhlunsdindungusgnieianuiluFadunaziumsiamnNulionSouiouiy

Jeta /a s ' e & v Y o o q 9y o o
pisnauazmesiawes  uamshiusuadou Idhasudrednilvasn)ivanmdyau
(signal Conditioning) nazdednamarnsdmivyaseguvgiinsesaoiilinmsiunldau
AouthsganndenSeuivusuginssinsiviaguunilnuudy mes luduitlagmin 1%
80193 a1 TuNsLYIUNITEAAINNT TUAIIANINIY BAAIDE19FY T1UN15ATITR

a =] A g/ q’: = = = o fi‘i—l 9
gaungil lum e gaamnssurasuman vieudnsznalwanlgnsaiiinnaes uau

1 ' o o' a 1
ﬂ'li'l\‘lﬁ 1.2 uﬂmﬂ:nn"lmmzmum5‘mamummaﬂuﬂﬂﬁ]mmammu [4]

szinmves | Saamedlusddacrile) | aowalaedszing | 6wgumgdiiléda | anmuiveu
Tanz mV/ K K) Tavdszunm

Base metal NOULAL-ABUTUAULAU(T) 0.05 3-673 +1/2%

Base metal | MOILUAI-ABUAULAULAL) 0.05 63-1473 +1%

Base metal | IAswa-ezgqua(k) 0.04 3-1643 +1%

Base metal | IASINA-ADUAUAULAYU(E) 0.08 3-1273 +1%

Real metal | uwanviu-unanviu/1sidoy 0.01 223-2033 +1/2%
10%(S)

Real metal | uwaniviy-uwaniy/ Ision 0.012 223-2033 +1/2%
13%(R)

Real metal | uwansiu-lsidoy 30%- 0.012 223-2033 +1/2%
uwaniu/TsiRvy 6%(B)

o @ § 1 = =4
Base metal A0 ine3 lualitlanldaunauveslanzuigniuas Tanznay noauas
= - ar = = L |} I A
waziiniia 19fugungiiae 1450 K Tavnduazdiulngezgnldlumal §ia aaes 1

anwhinh ganh uaziiguaialndanuduadugani ndndidyhganovzdoaiiia




" 3 o " o Y = ° K
grumslFnuladiga msizii Tanzdmaniivziiganasuazalod uaziilenianis
nalfnsoreendiadulade
= o= o Vo = = -

Real metal 09 o3 luAilalydiunauveslanzuigniuaz lanznauyes

uwaiiy 19¥fugungiildgeis 2000 K wminiludiunauvesisamau Tsidon uaz Tuamiy
Yo o =

l¥dmTvgungiin 2000K

(5]
o

siia E

Temperature ( C)
w e
o o
| SN g

L]
o
T

—
(=]

B rlF ¢ B oD o T — - R IR
-200 200 400 600 800 1000 1200

TC output (mV)

7 2.6 usandsumes luddlanugungiidmiugadiede 0 °c Tavlianuluazaiu

iduFaduanaiafiu (Curtis D Johnson 1997:173)[4]

4 o o =Y L
91 2.7 dnuazveanes Tumlillariinniee
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215 qmwﬁmsﬁqﬂizﬁsg‘mﬁqﬁm (solid-state)

5 da

sy o [ = oar =y o
ﬁ]']ﬂﬂﬂ!ﬂll'ljﬂii!ﬂ'l‘i‘ﬂ'lQ'lu‘\lf)dl“]iul“ﬂﬂgﬂi'.li]'.]ﬂqmﬁﬂi]ﬂﬂﬁ'm‘ﬁuﬂ ﬁi) NDTUARDT

U

S o v = - a o o ' | o = '
21508 uazmoes lwadida Fudluntdeuldiussrsunivarnsialihiv senuwaneuaues

o = ot ] a 9/ = s - o A =1
ﬂaamaiummmmm"lmi‘lummufq_rma:nmumsammu luvaznersnaszi

a

§ ot a "o = o a a 1
Nﬂﬂﬂ'ﬂﬁuﬂ\‘!ﬁllﬂ'ﬂuL‘ﬂul‘}fﬂtﬁ,uuﬂﬂﬁﬂQIJ"U'H'IWUENﬁmmﬂTmm'lﬂﬁﬂkﬁﬂﬂJWﬂ AIUNDI

ar i (. = - ar 1 oar a
Tudilavz W manovaussnouds lidouiiudaudu idwnsianie uadyaronervins

=

et o 3 w Y Y a a w = 9 F @ 8w o e
n1dfivuaanuin Nededesnisyasisssguunilumsiadndle dreiledodrdgyindu
Y o w 9 L4 [V Ac:: a gy 9/ =) 9y ar o
Josralumsldauveuruaeiasiviaguugineuatiadiadu 39 ldinswamine

Gl = b e o - e :
AuautiRvesdalszaugasnedninniilugiiuuea199359u (integrated circuit ; IC) 1O
IihuausesasieTagumgil wu LM3911, TM335, LM34 ,AD590 1iludu

2.1.5.1 meslulalen (Thermodiode)[2]
r @ o g Y] & o ohanm ' o d
mo3 Iulaleadudnsndaguugliminiaqasiini@dnousovaoriiaey
uazwiiaf (N-type and P-type) 114 lasordondnmaniuduiiusues lalaaszrnausedu

flunszuaninoAegungiiasaunsn (2.6)

V:T[me(n,’s +1) (2.6)
q

4 A o 9 @
1o I, =nszuaualtaunal
v =useauludadianiit (Forward bias)

k = Boltzman’s constant

¥
o

o 9 I as : - = vy 9
AMrualinszig — > 1Taniunnauniin (2.6) unsodouaum s vy laaeil
S

V= T(E]ln(flls) (2.7
q

wazangilii 2.8 uaaslfiviums Sanavesdanewlaloa lnsfmuanszualuda’ly
ShanhiFudui 104 mnnﬂﬂfhl.mﬁmmﬁvgﬂﬂ:;ﬁnﬁmﬁaqmﬁqﬁaﬂm wazisuiana
T¥Raud SOK S 300K (-233 84 27°C) ussdmerdyanlBouuasmugumgiiogilszunaii-
20mV/ °C uazianudwFadu swrsonianuduiutveus 1A ueIARARBN S
Wieunasmugungi1ddaaunisfi 2.7 TaoussduanasenlaToaTaita llogi 0.7 v #
gamgil 25°C uaz 025V dmiuwesiuiion (germanium) vinnsvuaaslfiiuiunes Ty
laToafivnndaneu gungiisuusnussduanasonlalealunsdifiswnszualdhanh

Tidludadu isennanuAanaiannquanyusiamzvesdanowiio i lalon du
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91071 2.9 11aAIAIBEI Block Diagram 484 IC (W93 LM3911 483138 National
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C.00MEA
Note & Ether V= or WV can be ground

Note 2: 1310 ~

JUn 210 msilszgndldimes ulaTeawes LM3911

2.1.5.2 meilumnudained (Thermotransistors)[2]

wos TunanFmmodilluglnsainiaiiuuiufansastagamgl iesnindiu
293B@NNseTindesaie Funssduanniensen aasuiimaesysans mFmaesuuy
TuTnard (7, ) wiunssneqampiimilouanudumusveslalen

o

o 3 ° o H o 4 as - 9/
fafumamiihmdnmstiviszgaamiunoaiiolums Iagungiisadmuald

ey a A A A o), ¥ a S A -
TuTwarsnswdmasiamniaiinszua noaanmes i, wazliniudmaeidinaol
L d -3 & = A 1 o 9
Anszud neaannes i, lasfrualn. i, #i, FANVUANANYITIAY AV, nula

d o Y o = @ o Y o =
N1ATUANVDINTTLUT ADADAIADT ﬂ]clﬂl'i"lu'lMWWUUﬂ'ﬂiJﬂljwuﬂﬂﬂ\iﬁNﬂTi'ﬂ (2.8)

lc:!

AF, =V —Vis) =k§ln{fi} e i, #i, (2.8)
waznnHavesaumsi 2.8 mldiiuiumes unswdimesianuuFudugs uaz
nnlassadfivhenglnsaiasisdanivih Idinaneuausui uazninTassarevelod
wef AD590 M lifunseenuuuiinamduden uardyaaerdnai 1dTvnaan
gﬂﬁ 2.11 WAARIBYN Block Diagram 04 10F1U03 ADS90 ¥93UTHN Analog

& o Y] H o
Device %414 1n5995194892995 PTAT Hundndsvznanluiden 22 Tavledives
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o o = 1 :; = n:' o L 9 L] ] =
ussueanalisulasunlasameungiegn 1mv/°c srumslgauegluyisgungi

szanm -55°C §9 150°C

Lo,

O"‘Llr‘
) &
07 012
E:
CHIP ]
SUBSTRATE §
i
Qg
8 3
R g
Rs £ 3
8200 by g
1R

UM 2.11 uermadatha Block Diagram v94 IC 1185 ADS90

Lo TK
2.2 Tnsaad1aznannIsNUgIMYII993 PTAT

Aouiazith 1of smdnmsftug e aumd s enssiauuy PTAT nashledendnnis
f{ugmﬂlaq'.N%snmﬁqiwmmmmn?ﬁm{ (Widlar current souce) N0

299573A015 123191 199TUNTINBN T BE1318 (Current source) [8] Tavdmualh
0, uaz 0, finussduanniauua-siimaes v, iy Tasnisdemaaudumiueynsud

VdNaAnIu0a Q, a3 2.12

30 2.12 unasswnszuauuuIaa
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2.2.1 M3eeANUYINTIAR

fmuali 7., > 0% @ damaludludalidraney (Forward Bias) anglil
2.12 O, Aousovselalen( diode connected) tazimuald O, Mamludwlude
Tdramihdosudu Mlidesnuumnialdngussduveauneiverdl (Kirchoffs
Voltage Low : KVL) [21] 30U300ADIa-81i@1A03 (base-emitter junction)¥dd O, LAY

0, lddsaumsh (2.9)

Veer = Vagr — IR, =0 (2.9)

v ¥

& -
Faluniidmuald g, >, V= los Ve >> Vion

Wolidwdens
29U

INTAUMT (2.9) gunsoln UL Sssn s ssusunsealaToaludumsi
2.7 ¥ laodmualinszuanoamaines (collector current; 7,.) SangmanIRunszuad

Tnanmlalon J uazdmiuald ¥V, =kT/q

Vi 1n§€l—1/,2 1n%——1mRL =0 (2.10)

S1 82

fmuald g uazQ,  iilassadrudordu nagenlugrgungiiBeinudina

Wi, = I, wasVi=V,,'<V;

i
Ve lnl(—'=IC2RL (2.11)
c2
Iml‘f"l i Vee = Ve
Rs
A A
\C
o
I W
c2 AN widlaf SO?_’YCG
-
bi Vu, 5 Vm;(m)
Cl R,

/ ' o ' o) a = o
71 213 aw'liifludasyueanszua 1., ABUMaITIoNIWUYDIN9TIANS
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e

NNAUMST (2.11) WUNNTELE [, aunsonlfountasldmuundaiions adu V(.(.ﬁ
swldunaees dewaldmnszua 7., Wasuulasaw e Mnanuduiuidand i
MWasesuvnil Wiy Idifuundssionszud (curent source) 1HAU9IAIITA
Uil

Tumsinasiaadiiunszug 7., desdfinnfosndr 7, wuedaildaumsiu
159 daudedvesassiamiaunsalfaniin v, dawesniuuuisnsundsionszud
9019410 (simple current source) HazAINMAIUNILAIFIUsTATBuTBUR LIS

¥ Y o o

UNAIDINIZUADEII9I8 A0V 1NAVD9230T IS Noa @ INYeInsruaidounlasniy

o Ao

unasnonsuyin191inise 1Aiuaue1993 PTAT (Proportional To Absolute Temperature)

2 g
yu [7] Azl 2.14

214 uvasswnszudiuy PTAT

2.2.1 MIVBAUVYNDT PTAT

nngalit 2.14 Amualnszua 1, Sawidy 7, ieannundetionszuaiiaiiann
O, uay Qzﬁﬁuﬁ;ﬁﬁu danal¥inszuansaianiaey (collector) Y03 O, UAUMIAUNTLUT
AvalanAed voe Q, 1nglii 2.14 0, ifufuInuvdinmes (emiter) Winnd1 O, of r
wih damalii I, vee O, fiawinnd I, vesQ, 8y rimidan lavaums ¥V, awiso

out

w118 Tasns KVL

Vies —Voga ~Vour =0 (2.12)

oul

V., =1R 2.13)

oul
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anuduiusvesaunsi (2.12) way (2.13) wialdeglugdvesnszua 7, uaz 1, lav

] ¥
V,ypsttag Vo, iunananuduiuivesaunsi 2.7 18asil

- &
V7.3ln——‘—V” In =R (2.14)
Ig; gy
L pl
Vow=VpsIn1—2 (2.15)
‘ S3 []

e

smuald o, uaz 0, iifeulvlunsadhafvrduuaznaaeuiigungiiiReinudna v

a

B Iy

a s o ar 1 <k
I, =1, u8z V,, =V,, =V, unuanuduiuiananluaunsi @.14) swlav,, finn

oul

A30Y R A1

Ve =V.In(r) (2.16)

oul

uazanszua 7, dawiny (7, Inr)/ Ruazonauns (2.16) a1 1891 V, 4092993 PTAT

wlsaugungiiiiuiFaadu (14]

A
N,
KGR V.
NS I, =—LInr
g R
T4-A1h & - G55 B
AT ting point
> : Operating poin
d i
3 i
A '
ra '
/ z
0 5

]ﬂ'ﬁ 2.15 ﬂ15ﬁ1ﬁ1§ﬂﬁ1§1u (Operating point)

TumsesnuuueIsunasnenszualavldnann159ee self bias IWDAANAYDY
' o ] ' 9 i ye o)
mnszuadumanasunlasivesV,. Taoldravsazdounszuaunuiiddiumusaeiin
o v.-» o - = s A aa qy = [ o b
AUUHAIDTIULUIIAUINUDUIIVIAADT °]N'J'ﬁﬂ’\'5u‘l]$uﬂ‘l'iﬂﬂuﬂﬁv‘lﬁ)\‘lﬂizuﬂ ‘Vl'lal'ﬁﬂ']ﬁ

[ (. o ¥ 9 g ()
pavdUBIABUVAITINTIAUTiA oY MIMInuveRIIEiuegiunTIId [, uay [, uaz
[ 1 5 w o d

ThwsagHeunszuaiimdaiimsaziounszuamidunis Manauduiusves 7,

= oo oA 5 & o ﬂ -y o 3/
uay 7, fyadaiiaiu 2 ya dagatinuvesisentugaideninnldanulunisesniuy

1 n‘: P 1 o 4 " o o
d9a(0,0) Tuilugai lidesmsinnldauileaninaszue 7, uay 7, Sandugud degi

-k

2.15
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2.3 Tnssadavessoanefi-Sunagamygiiiineseadefi-isu

-, A o Ab LY L] c; o é & o o
Pnswialumshmsnsdni adadudalszaufastsdnihaunson1dlae

Y

a 4 ° a % o o 1 . g
M3IANBZABNAI5IT (Impurity atoms) a3 Tiem IRl umsAsdnii bivsgniviiad

3

a =] n‘: - o 9/ da o = S a 1 L4 &
uazataoy sminiah ldafradugnseididansetindniSondiginseiarsnadani
] ; Sy S ° y_ A ¥ e
(semiconductor devices) 1ATearidwgalunmsimnaiefe Inseaiauossovas w-ou

‘é o b =) "
(p-n junction) cuammwmmzﬁu"lﬂTaﬂmuﬂmm [5] W

23.1 senneN-BulunIzaNgD
A’l‘ v o a a = - - | i B > :
TuriiesduiiaziTuiiorsuifasesaefi-ouriinduiiu'la (step  junction) 1ilu
Tassafrandeigalunmsdnamdhle disannamuniuiuilsgpninzes sduniges
I d A P a8 a "9 1 4 Y z =
¥o3308A0N-1BuTIA1 luimAy Sudansunsusevasveslszymne e lid g el
' 1 as a o o "y o 9 =
ANMUrLIIUYsTgnImzmAY Taodinasounisdnususzuns o ldedudivaz Tea
ad 1 o d - a o o o |
maduiinvzuns 9 ldsdmduinsandvndnuagnoundeau degii 2.16

e fig DlANMIBLAATY

P o An loa

Ecp ;
Er. \\ = o\ ’n ﬁ qVhi N

\ ‘ooooooooooo Ecn
A\ NN AN R T/ A
Evp 00000000000

| o 7 e BN

e e —— EVN

31U 2.16 dnvazuoundsnuileseudeaglun1izaugals)

Lfna1ﬁﬁmsuws'i’hnsauviwmﬂszqmnzﬂ:ﬁﬂﬁ'sﬁﬂmﬁ11193’1 (recombination)
sznididnasou-Taa wozilozaeumsidedlimedniduiivsnasoodeiianiiy
Toseuwan dauezaeumsiediumsdnddanmiulossuay Falseq IWihdnarn
Wianmuw i uuinuseedenazfamsazaulszy Ifhiuusousoode Tass e
vosaum Ifhezdedumsndeuiivenszgwimednannlunisdwsesdesuluiiqgans

uwsdusevaedniiulsudaniizaugaequilibrium) Hufo nszUTNITUNIIAININY
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aszuaasi RilRuTnwsesaoduunuee hilininzegias tiosningnoninaves

¥ '
auw Idihwaweenli SaSunuinuiin uSnuasanive (depletion region) azn15Mil

[

a ,;' = ' (| 1 o o VY a o '; . .
fT‘H'IiJ"lﬂﬁ'll.ﬂﬂﬂ.luﬂ‘il')ﬂliﬂU@lﬂuﬁﬂﬂ'J'IlJﬂ’)'liJﬂ1~‘lﬁﬂU1'I'Iclﬁmﬂlliw‘lﬂuﬂ'w'lu'uu (built in

@

" =1 = . ' o o =&
voltage) 5¥MINAMUALALAIUDY 130019150071 ANGTUAE (contact potential) FIA 11130

uaasfuantian i 1adegi 2.19

&
[FTol-1ol-1] ] °-N
P
[Jo[-Jo[-] L] [*]e [+]e [#]
SR PR
Py 3
A |Q+|:qNDAXn
qNp +
4 A-Uphe X,
B R NS i
L
Q. =GN, 4X -aNa
gil
E 410 Xp Xn =0 x__
: ; J
VJL
=
/ X

»

3 217 uamsdnvazguaiane ihivsnasesaoR-ouls)

2.3.2 sounon-BuvarldTuussinludalldhanh

3 Iusadu sl dhandh (forward bias : v,) #1138 Taoms 1ddnd Inihidd
v dodouiudnuduTasmsmualinrudnmnludnveaifeasiadaniilim
Hovun Safinrsan 1@ lifius suanasonludnvesasiedmii daiuus sy A Wanua
wlisingiisevdefiBunaziiienisasstwiudndniolusesdesanansindiaves

o 3 [ U o "o =
usasu AMumsdndaziimanauiiu (v, - v,) mldauwihinelusesselivuinanas ia
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n

a 1 Y 1: ' @ o a d
namsunsveadlszynve lduniu TasTaaniaduiezuws lldsdudunazdidnasou
9 =1 1 g/ ~ " Ly o o oda 3 q’:
mamumuwuwsTﬂﬂmwuaxﬂmmﬂuwmzmuuﬂu FEAUNAINUNBTHUDIAIUNIA DY

1 1 o A o d'
YDI30URDITUANANAU qV, Fananalddagilii 2.18

p
Ecp X
E|p qvbi N
R N niesssesesess g,
FP I Een
Evp 00000000000 '
EIN
=338 Ewn
P
(n)
Ecp
E;p ECN
Ern
Erp \ e
Eve Q00DO00D00000 IN
’ 0
Ew
Ap 4582
(1)

: o as ' 5 ' o w o i Vo
U0 218 nivuifsudnuazuaundanuvessesde (miie 11850 Tuda fu (v) Wis 145y

usa suluda v, [5)

diaamsunivenlszgnmzivzi Iiinszua i lnaluaees Gondi nszua

[ - a [ o - =
ludaase nazgmsiann WihuSnusesdeasasszihldunaniunhainaulasamne
o { a " & “ wa
anas nienaensanasvesdszy Iihnuinusesastiuies Fsmsnlasuniasnuauia

ma Idhdsnanaunsouanslddegii 2.19
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Y

7'y
/'/- & / tVbi-VA X

v X

(M Q)

31 2.19 ulsuiounmswasunlasquaniamae i (n) diseglunzauga

waz(@) e lasuussauludaase v, [5]

1 ‘; 5 1 3 =) -y
dumsiisivvemnzdutesiveuvesusulasamvzesuie ldninaums

1 é s 1
NQVBsTesAD p,,uaz 1, FanunsoRnsanldnngili2.20
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Q) (v

" 1 i : 1 y L] ar o
711 220 msnsznsanuMNMinveMERd M ITeIYBaaTaEs (n) e T 1dTunsadu

Tuda (v) dielAsuussduluda v, [5]

e p,, A0 ANUMUILLLYES laanTad i

P A ' ad ¥
{10 7, Ao ANUHUUNIUYDIBIANATOUNIIATH
A = v a-d ¥ o
1D n, fio AWMLY YDIBIANATIUN A TUDY

A A 1 o
i p,, Ao anuuwuniuyesTaandnudy

dumsanasvesnmedanieniieszezvivonn ilvinusanlasanimz vziia
M55 (recombination) wommEIn IS inawsa iy gnaad s anauns el
faaitszos 1 a2 L, - samuiminvenszyduierszanasmaiiugud diowinainu
MUMLYeTE YRS AN Ny UAT p, fannaninSnavesnmziigniad
sovAoun faTumue wWizymmsainaanususeeaes lunlavumlas Sunfieiims
aanmzdhusosn sz o hiisonnndniunmuniupszuai nad s ouAei
Funnumnminnszuamsimsveslszyrvgdnnios samnsouoninsaiunin
wuiunszuaTeanazanunuiniunszaaddnaseutaze 1Ailuanumuiniuves

v
aszuasuanualusosdeiuazidu [13] A

L L kT

P n

N
J =Jp(x")+.ln(—xp)=(m’)2 NaPro 200 J(exp(eV"]-l) (2.17)

@ o o 1 a o a ar = 4
quNs (2.17) Whuanuduiusnszua-us W uYeseoasi-0Y 131919 U0INAINTNADS
b
J, astife
N N, n
JJ:(ni)z{ ';Jp 22 4 ‘; = (2.18)

P n

v
Faiuauns (2.19) @ou vy lddiu
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eV
=) a1=1 2:19
‘(exP(kT] J i

4 & ' A Yo
o NA fl1o ﬂTu.l“uuluu@ﬁﬂﬂnﬁ‘lﬁmﬂﬂiﬂ (azmoN/aL.wu)

N

D

A v = 9/
A0 ANUHUIMUUBZABNEITID IH (arnoN/aL. )

3 221 quaniiAnszud-usadulugaunaveslaTeaseudoii-iou[13]

aums 219 iudiinluum “umslaToalugaund” fefofnauduiug
ATLUA-LTIRUYDIIDUADR-DUARBATIIN YD INTLUTUATUFIAU LTI 1AUMNT (2.19) 11
Tdnnnsmaumagusaslusaludant (v, > 0) ualifimanalafveiuhild 7, i
anfluay 1] Ausafoundy) aums 2.19) g0 plot aelugili 221 iuanuduiudsy
usedu ludaludhanth 7, Susedu ¥, diuan(ludadeundy) drea12-3 wh k7 /e Tran
udamnnumnmivnssuadeunduss s ususussdy lusadeundy damsiiines J
and1edaiudua i unssUEBUR 8o UAEY (feverse-saturation  current  density)

e as [ - ] Yo ¥ '

Auauianszua-usaRuveslaTeasosre-duaziiiu lddad hidluwuuasans
=

2.3.3 seunon-16u varldsuussawludadeundy

msliussduludadoundy (Reverse bias : -v,) w114 TaonsIddnd Iddnd i
4 I S o ¥ ¥ : -y & e
duay WasunudnuduTasnmsiivualdanudiunuluduvesiieasnedniiinm
3/ =_ a 3 =) o ' ! £ v o w n’u’ [ u’;
vosun Jan9rsan 1an lidiussauanasou ludiuvesasnedni Asiuussdu v, Nanua

P " oad s a = v o d 1 2 ‘a a  w o

vz lillilsingsesaeiiduuaziinamadoinudnomelusosdedunamsiaTunuveansiau
o Yo o da A Ag o v a ¥
mldSwwsdnddanintuiu (v, + 7, ) s ldaun Iiihaelusesdeiivinamniu dsey

a g o Y { o
g Teansdiinazdianaseumsauduszgnau ihwdniindeunvieesnly /i
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Yy a £ E1 o o oda v = [ ) o
1141]‘5!')&!1'6Bﬁﬂ'lﬂ:‘,‘llﬂwﬂ'ﬂﬂlﬂﬂ‘lm szﬂ‘uwmmmﬂasmmmumzq@mm‘lmﬂu qVA

A @ dl
Faueas lanagli 2.22
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= Xn _~ Ewn
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Een
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ussau ludadoundu -7, [5]

=
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Lo a 8w ¥ a e 4 da e 4 ‘ﬁ
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=y w
Ny i
'
A A
plx) o pl) 1O
_xp X, - _xpl x,, t .
gbd. s‘(x);
ﬂxp X = 3 xf" *n ’ )E
Mx V'(x)
' VireVa
Vi | X

. 4 wen A 1 o 4 o
i 223 nSouitsymsnlounlasquasame iihuiieeg luntazaugaiuiie 145y

useau ludalyda -, [5)

drumsanaveanmydiuiiasiveusesysnulasanmzeiui ldvinauming

' é o ﬂ'
vesseuRe p, uaz o, Feeunsonnsanldnngili 2.24
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VKT : T
)V ) =pe ™
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(m el ldsuusssuluda (@) deldSunseinlude -v,



31

Tuvaziisevae lasvussauludadoundu - v, Weunuaiaslilluaunis (2.19)

y ' qV, kT ) a1 @ ' Wi
LHRAIEWUIUNBDUVDY e WUAUDENI 1 WINT AIUU

: D
I, = -1, =—gdn’ D, = (2.20)
Lp, Lyn

pn

]
oo o )

2.3.4 HANIZNUMINQUHNAINIINAND IBUABN-1BY [20]
' a o ¥ o a ¥ ~ ‘ﬂ
ANunuLtunszuaduddoundulunegauad J mildainaumsi 2.18) W
anuduiusvesanududurmmzdindesiiaugannuiou nuas p, anududu

' ¥ o " ar A ar s o ar = ' ar ~
L‘Hﬁ'lﬁ ﬁlzlﬂuﬁﬂﬁ’luiﬂﬂﬁiﬁﬂ'ﬂ nl.z %QLﬂﬂﬂ')'lllﬁJJWLlﬁ AURGUUHUDUIIUIN AITUNITN

(2.21)
nf = 2( 2!;72% )3’2 (m"'.mp' )m exp.—( 2Ek" ] (2.21)
N30
TR .T“”.exp[— 2% ] (2.22)
Tauii

] é ar o - = - '
n, Ao AU HYE I NS IS NI IS OUNTUTA Y30 ANUNUNIUY

DUNTUTA (Intrinsic concentration)

]
=)
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' 4 . - 2km & S\34
K fio afinen Tlvusugungl = 2[ . ] (m,m,’)
] h P

" 1 e lé r o
Eg fio "U'Ll1ﬂﬂ’J'Illﬂ%lﬁﬂlﬁ]»‘l‘])’ﬂﬁ'ﬂ&ﬂﬁﬂsﬂu‘l!ﬂi?ﬂiﬂWI'J‘N'I

s n’: q‘ (] a ﬂ ] ad 3/2 A Irl " a 9/ o
Asduninaumsh (2.20) dwiilunadegungiifie 777 uaz £, ¥4 linoadeny
' daa a a 2 a a .\; U - g 2 o Ya o
dauveunoINBUNTUTA ioguunliNuIumYee 7 azlisuniu I ldsnasaun
o 1 o ' s n’; { t; i o ¥
aud Aegaindszaudu £, asllawnsaiszganszduinlieglunouiiinilddo
3 ad o 2 A & A d oo o e T =t
Sudianaseuh Iihuaz TeavadiUSuaunuiiu dniumsngumglmuvumves il

dw;ﬁni‘fuﬁagﬂﬁ 125
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1500 T(*C)
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‘_L h | 1 ;711
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v
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Ty 1_Ge
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&
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O X b
2 1o AN B
£
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X
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NSL 18 VS 2.0 '25)3.0 /35 B0
1000/T (k1)

=

: aa ' & a e i
§UM 2.25 Havosgunginiinane » ¥89d13NAITT GaAs, Si Lag Ge[8]

U

o = o a 3 o =
Llﬁtﬁ'llﬂiO‘N'|3JWWUuﬂ'J'liJﬂH‘V‘Iulﬂﬂﬂdﬁﬁﬂﬁﬂ (2.23)[13]

—E
s o a2 o(r)’ axp[ g) (2.23)
kT

INANNIT (2.23) ﬂztﬁudwmﬂﬁmmﬂ?umﬁauiﬂumsxﬁtnqmwnﬁﬁu10"C 20
aamgiiesny 1 uduiud
J,(310K) _[310)” exp[-1.12/(8.62x10°)(310)
J.(300K) \300) xp[-1.12/(8.62x107)(300)




J(B10K) _,
J.(300K)

¥

[ o’/’ 4 a = =Y o g/ | :I\ :g cé
Aniudomuguuivunng 10°C mﬂqmﬁguﬁ'aa Wwili J_IAunuIu 4.46 39

4 o o o o - { o Y d '
diothumlSeufousuvas 1850 U ans e (forward-bias) MINABAITN (2.19) i ldmium

oo

=1 " = eV o Qs s o A )
a;ﬂﬂmamuwaﬂaqquuﬁa Js U (k;] m“lﬁ'mmﬁnwuﬁixmwﬂszummsuimu

Qs s ar = 4 a a 3 ar as 9 3/ -
Wuanuduiusduguugidie Weguugimiviu ussduludalidaniziosas
" v . v L d i
wenve ldnszualaleasudvaiu fMldussduszasasilogungiiuiu msndoumlas
Tunszualuda assfugumgiinginnu Tifoondnsziadudi Fawansznuvosgungi

Ha ' @ o d 1Y =
NUHIRBDAIY ﬁu‘wuwmuiaﬂusmxﬂszummﬂﬂugﬂﬂ 2.26

! !
¥ - I g
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[1;;33}1(,3 = _21_}} (3.26)
3
gﬂﬁ 3.3 fmuald 1, = 1, Wuwald 1., =al,, voz a, = ﬁﬁ3 : vinidoului
+
3
TRunuluaumsi (3.26) 18&saunsi (3.27) uag (3.28)
+
] 3
ag
1+ 3, B I=1, _i (3.28)
By N B+l 2p
AU
&Y _2_1;‘?_ (3.29)

$ o e 1 (3 g

VnaumIh (3.29)  lymanuduiussenivnszue Luag I, Taodmuald

I, = I, Mmuaieaannugannypaaums iieannanuiiueie 7, = 1., ,1n31li 3.3
s e’.: vy, = a ¥ 4

AU I, 5 = a, I, WAIInHaYeY g, lianlszam ~ 1) nmidlszuiudina de

Wiy luaunmsy (3.18) uae (3.29) ansamuutyaums v ladadl

1 1
e e RS )
14 i S E L Zﬁ
B B
AurIn B =4, =4=100
I, =0981, (3.30)

; : &2
vnAnuduRusionszinaldd 7, ~ 7, eanin 0.98 Saudrlnd 1 uanatides
egludouluidr g fiswnnuaz Q, Q,, Q,, O,uax O, a1 lavou lunaznadonly

gauniiAeIM aunsodmuagashauliiuaseslugli 3.3 189
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13l 3.5 mAmnudumu R, 180nmsKvL i1 L, Asamsh (3.32)

VBIH St ”VD sl VZ o VBEJ + I/m;r = 0 (3'32)
Tao# n Ao uvedlalen
v,  #foussnuanasonlalon

- o ' =
Ao Lliﬂﬂuﬁﬂﬂiﬂhmluﬂﬂﬂiﬂﬂ

N

v " v
fafunngi 3.5 awnsaminnudumu R, 1ddsaumsi (3.33)

R 288 (3.33)

Smuanszud 7, = I, =20mA tieligoaadessumsii T 148si mualidued
laTonilusedunionas V) =4.37 finszud 20mA (an datasheet 8931103 Ia Tonaios
° ) 3 4 a

IN5229) wastmuali 0,0, uaz O 1403 2N3904 V=V, =V, = 0.9V U1aZ

é 1 (ﬂ' o o o 'y .
V.., =0.92V 3 Iasianainma$1a83n13an (Simulation) 1ag T1lsunsa PSpice 1u
e

Aiimsdmua ¥, =437 1diwes 1N5229 uas ¥, ~0.88V (1 datasheet vo1lalon

iwes 1N4152) nindoyadsnaithuumnuluaunisi (3.33) 1dm

T3.441
- 120md
R, =172Q

our

= ' (R o @ o o {
uazaIngUil 3.5 aunsamaumasnonsaiu V.. ldonanuduiuivesaumsi

(3.32) A Idnnuduiusveaussau V. Asaumsi (3.34)

Vee = Vg +Veg, +Vips + 1V +V,, 130 Voo =V + Voo Vs +V,  (3.34)

out

¥ v
daiude 19deyaiRuanunmamardas R, seaunsanmia V. = 612V

A ° 7 a1 - o ¥ v »
wosnndmualiy,, g vy, finnwenvgi v v, oglulnua active
1ngUi 3.5 dmualin=1, ¥, =0.88V ¥, =4.3V ,V,,, =0.92V V.= 6.12V
Vs =Ves, =Vizs =0.97 wiaz R, =172Q v lénszue 1, = 1, =20mA Tugamgiivie
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vinwai 181317 3.6 ndanndraoem st (simulation) n3zue I, =20.42mA
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nlfl 3.9 9AM19IUY0929959 3.6 Tavnszua  I,= 1, =20 mA

wanIngUns i 3.9 uamaliiiugaitnuvensesi 3.6 Wehmidiuanam

P | o o =
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Q1 Q2 DC=61

qznaaogfl—‘;ﬁznasos

E]S 104 Q3
g2n3904 I G2n3904

1

d1.4152

Rout
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S00nm
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4. 400

4.30V
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-80
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ke 1dugUi 3.11-3.13 dwnumuluaumisi (6.39) szndregungiii -60°C

19160°C i AV, /AT =-0.593mV /° C
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31]7} 3.14 HOABUTUBINDIIIRU AT, / AT AoguuQiin -60°C §3160°C

Hafl lAvinaunisi (3.35) uazwai lnninnisdalugili 3.14 farlndiRoeduinn

¥
@

atudaas 181 aumsin 3.35) duess

3.3 qinsniyanaaeuiniiagamgil PTAT dawlaloauuyseuden-Bu

msAnyINgANTsHYBIgUNgRTiTdenumniRussToudeRi-Bulazsoudediuediiy
drudidgselumsiiulsz@nnmuneases PTAT uwﬁfugm

ﬁufué"iﬁ’a%'a‘lﬁ'ﬁﬁuuuuqﬂﬂsaf*mmﬁenﬁﬁnqmwgﬁszﬁuﬁ'mﬂﬁﬁﬁms(KMID :
PS011044) [22] hinFsomuéinaTuTadluTnsdiinnsefindg (TMEC) FailugulszAugtumn

¥ '
M lumsnaaeuguantanisaeuaussdegungiivessevaeisaoadazii 3.15



54

1 o o o o a
71U 315 whunmanageU R IAdUr RS UYL

2995 PTAT  4AsANUMUNIU R, 934011904A10U8NY0IZUUNATOY 11iDAA

HansENUSUIRATINT S IR AYeINI N T dADS IudIMDI9993 PTAT 5uaamsiulasumlas

ada 1 ' 9 o 9 ™ =
yosganginisadesnudwmu R, Mlddiumsnlasumlassuddynway

a 9 e oA [ - 1 - | L4 ar A =1
Nﬁﬂiﬁﬂﬂﬂllﬂﬁiﬂﬂﬂﬁ@m'ﬂQll'ﬂnﬂUiﬂﬂﬂﬂw-lﬂuuﬁzTﬂUﬂﬂ‘h’lﬁﬂﬁLﬂuﬁ'lﬂiy mtﬂuﬂszsﬁu

¥
nand s UINeiINLT Y

33.1. ginsaiyanameviriaduveigungil

i 3/ = ar a o o d o ada d"
duilsznemasmhiinanvesglnssiganaaoniriasuwesgungiiiaie il
= o o o e : U ). ar
Auwed (Dimmen  MmihidFuasawmastioussdu iz ouuazaluguay
ar = e o

T lumsidsugungiivesunsdamos(Heater)

Cd - ° 4 jo g a
gilnsainIuuguMRil (Temperature Control) — iviWliuAsuazaIuRuQUNYll

H y-’ o .’ o y

Wldmudesns Tasluiiisudygannme’ Tusdiflaie luauguanuion

yoaunudawmes 11 laanudouamudoins

= o

o ~ _ o 4 o i = o 4 o ﬁ' d
galiduiiaguugil Hndhinldduiaguugiifuiafaguugiimiwmadoy 4

«“

o

iulansneundos 2 suilszaudulaviiunadanesuazimes lumlilagnilieg

moluTangnounios

o

ndeaTudmivussy lulasnuman swmihisnegungiinnumduvesleszme
Tulasumaineluszuy

= = o ° = o o ]
Taanaansiad(Solid state relay) Wminivdyanuannglnssiniuguguuginag

annuundsondsnuldiuganes



55

| 4 naadlily

-3 amlunamiag gl

i

‘:‘\ X p- ‘.v_4 &
ST ANARNTLIAEN

1 1 = o o o & a4 a
717 3.16 mwawessganadeuRITALT B R Uil

332 manhauvesginseiyanazemiaiaduve igamagil

=

o o o =1 ' aa 1
msiuenssiganaaeuiaiaduiresguv QI NS AR LA UBIAD YUY
¥ b
naaouIdlurregamygll -50 °C fa 150 °C Hidunousil
o a e v & A o o = o
1. J5uaumes hndumdeninarana tisus e I iuaaaes
3 aa Y o o -
2. AsgauniinABINIINgUNIRIANIRUYIMLI

3. n luTasnumadaslundoa Inludagain 3.17

o o o o c - 4 v 3 a o
msiinuvesgnsaiyanadeuiiiadumesgungiinuindeaguugiiiiglnsal

aq Yo o = o ag ¥ o 5
augugungillimagnsainiuquaungiiszfinsanseniuquaungilini ldlay

v
a0

ad o as + w
wasoasaeuguugiinew ldsinmes Tudillauazgungindsi 13 ¥asedu min
nn’: Ao = i ar @ a =t d o
gamgitivasduiu llgdnsainiuguaamgiisedawssiuldIddu Teanmaniadinu

A 1 o 9 a 1 a o o : 9 1 a o
enugumsteusiu Idihidduuidamesdniuanuisunaunsdamei s anio
o a — o o = o - ar nyal
Snurszduvesgungii 1314 Taserdoginsalnrugueungiludnuuzi@uinumngs
' ¥ ¥
guugiimugsiuginssintuqugamgiivedinednnguungil ldneiamdosnisirudeiu
:a' o = = | 1 o ¥ o =
usnvniivinnisiiszuuaveslanzneundesdaiidiugroir ldtlesdumsiianis

H o o 4 a0 ¥
AIVUUU (Condensation)ﬂ'ltﬂ‘lli&"lj‘u ﬂw3ﬂ1ﬂ1i’lﬂuﬁ$ﬂﬂﬁﬂﬂﬁqa{ﬂQllﬁ’!ﬂ1ﬂ19‘l’lj‘i‘iﬂ"lﬂ'lﬁ

v b
voelulaswumainazdinsinuiguugilinei 1314 sinmisdsmgungiinidie 9 Ay



56

1 4 a a .3' o o o a 3 '
wuhiegamaiingaiuasih lfussiu liihveaned Tumlilariugeivedauiuidudu
v "
Fugunainaugd -50 °C 4 150 °C fagilii 3.18 nsemagungininmes ludidaiiaa
fuFaduTasiinnlhlunmsnevauesdegungi 0.04 mv/°C uag hivsingdameiida
¥
(Hysteresis) 3041113002001l 14 lasdiy Tudifanisundavesguugil a1misa
. 4
Snuszduvesgumgil Iiianuiossald +/- 0.1°C dniugUnsalyanaeuriziadmiy
o 4 ad’d ° 3/ o o ad a Yt
Wuaedguugiissawsotiil)/dmaaeuiuiifaquuginguugiiaig q 14alas

aunsanIuguaungiiinifinaeaseminadey

= '
7 3.17 nmdwsvazm luTasoumad

Termocouple voltage(mV)

&
p* )

£ /AL
v

* il

\

1 Temp.
—- — (celsius)
pesce o o 50

!'!i
=]
1
| %]
13

.
N
]
—
=)
o
-
133
|
ey

g1 3.8 nsvlanwd@niusussiuveanes Tuduifladequngii -50 °C 81150 °C



57

TuunilIdineuedsmslumsiiy AV /AT Wiuees PTAT  Tanhwaveanan
uanaesTnegamgivessesnediuesiazsevaodmoiin 1 lumaiu AV /AT iy
1995 UAz3UR311 112993 PTAT daulaTeanuusevdeii-u 1nditemsoonuuuuas
dowlvlumsoenuuy msdinsziinisiay uennniids ldndniaganadouaesia

= L 4 n’: U o "
gunil PTAT dolaToauuusesdefi-Du danamsnaasianuasznan luuni 4 de'ld



unMn 4

MINAADIUATHANIINAADY

'
add

»
=1 1 = o
Tuuniivznandwavesguungiindidensiines lunsad1a13es PTAT Avwlalea
v o o 1 | d A A 4 - - | 1
uuusevaen-wiunan 1%y seodeFueinsoFiues laloa sovaoii-ou TuTnas
a d = a o
NIMFAADT ¥HAVDIANUATUNIUY [11] HazI393 PTAT Noynsuiu R,
o " (- - | as ' o
ASNATDUHAVDIRUNYINIADIIS PTAT UUDIOUADN-IDUNYIOUADTILDT 2903
PTAT ammaumaw-muaqﬂsuﬂmmumnmaummuas NINATOUNAVDIQUHAINIAD
2993 PTAT #szdumsnanaisvesdiues 5 (V, ) Aaiu asmsnacounavedguniiiiisa
792993 PTAT Taomaiimnnanuiananog QN3 Q, oY 8 1M
= ' : d’ g/ . o o -
Taonisnaassninananuaiioy 19 1dsiunsu PSpice lumisdianan1siieu vie
Simulation 110211113 7A133 #30 tester MUIATBINATONINS TAQUNYIl PTAT Aulalon
' o ar . o T . o
nuusesaen-ouluiaden 33 uazthnadisquesnsiildeinnisnadey s

a d 1 -~ o “s o J A V9
AUAIIEH mqmnuuazqaé’awmaws 53Uﬂﬂﬁﬂﬂ1ﬂﬂ'ﬂlﬂﬂ\l‘u twaiﬂﬂﬂﬂﬂuﬂﬂﬁ’]ﬂ']‘iﬂ

- ¥ ' ay ¥ [ ¥y
@on 139 aMaIt MMz auA UOIMUAZANINABING

41 mIAnnHavesgamgiiinewNlineinluNM N TzHNaYeII93

PTAT stlaleauuuseadei-ou

'
-

msanuluiden 4.1 gjaiuldiiudmavesgunginddedunls lumaniovded

4 [ - o oa ' ' o 4
wesuazsovaoii-dumldlunmniudss AnFnInwes1aes PTAT 13UT00ADFIUDT SOUAD
a o Y s - o
H-Bu ANuAUMUDIAYA R, 1az3995 PTAT floynsuny R,

Ed : -

wadeil lavinssranamsiinulunsmmoasimisnlasuulasussdudoguungil

AV | AT weasovaediuasnaysovaefi-1ou Tael#1sunsy Pspice saudanaildninms
= H ° 4 o @ o ) = 3

nagouese Tavmsnanesil Idiuniesdunuudmivialasiagungil PTAT dav'laTon

=

' LY - L 1 .’.f =
upvsesaedi-duluiiden 33 inlFlunmsmiguauifvessosaeiiaaessiudinaves

©

ada - o 9 d =2
gumngiiniidesmanuduniuyes R, 12995 PTAT feynsudy R, i ldimiude

[ ' o { " : d’ ' = =)
Fosrnaieznarlwiaded 42 dell mananesniaiinaaouszniteguugili -60°C i
160°C



59

= J
4.1.1 MInaneINaveQamgiiiiinemnineslumsInTILiNavesIes PTAT
Alalennuusesnen-1du
nInseadiavednans PTAT lugili 3.5 dieiunadailuvidenlaezunsy (Block
- . ] ' o " o v

diagram) nufSeuiaiiouiiunastionszua I, uaz 7, swlinusevdeii-ounazsovao
=t o o -
HueiAgUi 4.1

Tumsnaassini Iassadisvesgili 4.1 mahaduasesdunuudsgilin 42 14 Q,
uaz O, l¥mswmFmassuunluInarsyiia PNP 1007 2N3906 uaz 0,0, naz O, 19

a o 1. d a o 9 -~ o v st ek ek

nyugaaosiuyy luInarisiia NPN wes 2N3904 1 n fie S1uausosaei-iduneynsy
nsoude D, Ao dueilalea Wadmmmuuuulium ldimihndu R, lumsimua
nsgua 1, way I, inndnlnd 20mA I lduinfiganedantiegli 4.3

v

CcC

[
L0
i

7

D

Rout‘% Vout
o

= o
U7 41 vdenlaszunsuuaziaes PTAT AaulaToauuusesson-iou

e



60

(]

i 4 1 - ' o (- ot
U1 42 2vesilamaaeumsnenaueIRBUNNIVDITDBABN-DULALTRUADTILDINBY

G

moluszuy

KEWTECH xtis

1 1 - ‘ V 1 : o Y aa 4
U 43 nmdomaveanszud 7= 19.96mA , 1, = 20.33mA 11nM3ia laslindines

Y P o o o " A g ' o't P o
Tuviadiof 4.1.5 uaz 4.1.6 wriniriasevAefi-ounazsevaodiueilugli 4.4 w1

1 oy o 1 q’;‘ dl o
mMInaveUHanBUTUDIRBgUUYInEndInnmsaeda Ihuazaunuawietesdiu

anussuntinanodmodyauagli 4.5



61

o et

H Y (] o ¥ o4 " 9 o =
UM 4.5 AMediniriavoesoaeii-Onunys soro B AN TBUILIININATDL T

o_ o a : o a - o 9 4 4
Tagnmsnaasssziniriansaesiussy Bnwelugadutdagungiiluiiten 33 ¥
ac & o @ Y A
A5N1TINATDIHUDIUNDHNIVDN 3.3.2

Tuado 4.1.7 uaz 418 Winnudmuniu R, uaz1993 PTAT aynsudunm

]
o ar ~

A -] ar
Aunu R, imauasianvudugungiiivenidediiavesases pTaT daelaleauuu

oul

1" o o @ 9 - - 3
oUABN-OU TUH TN 4.2 TAUYHAYDIAINATUNIY R

oul

Tugdh 46 uaz2393 PTAT

aynsufuaImd I R, Tugilii 4.7 ssgaiinnmaceumsaoudussnogungiiniond.
v n’: A o 4 3 - ™

nnmsaed IMfhuazmusunuiedlosfuanudeuniinademodygy b oniooudads

g1l 4.8 uog 310 4.9



62

oult

JUN 4.6 Aedndmumu R

11]% 4.8 MetemAumMu R, indoutznaaousis



63

111 49 2993 PTAT aynsufun @ WN I R, W5 onaznaaouas

412 m3¥l)sunsy Pspice  Tumsdnnzvinavesgumgiine szauuIIAY
Wnmwiimsiuuessesdedies

Tususauusn igiTsunsa pspice 1114 lumsiiasnisiamvosdiued

laToamed ldadoundu iiteAnuaaaoumussiznirsszauussduianas (7, ) do

guNYN 1°C azn ¥, Az audmivmmanenlyssesinfadedt 422 Tasresild

naeuLaAIRIgUT 410 fvuanszie 7, = 20md Geulvildmmuanssuazmiloudy

datasheet Y0103 la Toamos 1N5220 8a 1N5231 18D, 5 ¥, =43V, D, 0 V, =4.7V

way D, 1 ¥V, = 5.1V wameuausai lauaasdagyi 4.11 84 413 audidu

3 410 299357119 lumsmaneuranouAuIsEH NS I UABRUINYTVeaFILDT laTon

Taol4Tsunsy PSpice



64

4 40V

4. 36

“. 32V

DIN5229 (V)

il

411 waApVTUBITENINNTIRUABgUNYTvasTues laTealuas INS229

o
TEMPERATURE

40
0
2

C)

-T2

- TV

470

DIN5230 (V)

4.09

4. 08V
-&0

317 412 moaouauBTIMINUTIRUABQUNDTVeIFIueT IaToAmed INS230

TEMPERATURE(’ C)

18C

G100

DINS231 (V)

, -133.80
T .

5.19

8.00WV
=40

21 4.13 mameuaupeIz s sRuARRungiivesdiuei aTonwod INs231

- P v o ' -
vnHansMs$iasansiinuvesdiuesiam ¥, ANiuusiduanasoudiue

o 40 o
TEMPERATURE( C)

et o

inIa

1afianuiuFaduaceadiumsiinulaswaneuauesves ¥, aoquugives D,



65

Il ¥
=1

waz D,, Tugiil 4.11 wag 4.12 vuzihguugimiviuihiliussdu ¥, anauilullaw
o o o oW ' = -
Usingmsainumanaz lunesnduiunanouauesves ¥, aogun)ives D,, vusi
ad F o 4 o d " o
ganQilnu i Idusadugeiudagdi 413 @eandeaduilsingmsainisdanatonuy
q’: o (3 = o Y -
prNaUFFITINgMIaiImuaesueluIten 2.3 uaz [16)
Ui 4.11 8 319 413 Wumsmareusznitegumngiifi - 60°C §3 160 °C nazwHa

AV, | AT vesFmesudaziuesannsaagl1ddmiesisii 4.1 (18]

MINT 4.1 w0 AV, /AT figaingi- 60°C 9 160 *C voans i 4.11-4.13
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Voltages (V)

o 40
TEMPERATURE(® ¢ )
71 4.15 nanpvauRsTTM LTI URBgUMNUed laTeaoT 1N4152 Tunsdifi n=1 D9 4

vnna izl 4.5 ussaniednai lddsnsinnudusaduaaoadiunisinu
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- V.. figungii 27°C AV, I AT (mV’)
I 0.766V 43

2 1.534V =3.0

3 23V -4.51

4 3.067V -6.05

VNHAVDIAITIN 4.2 aunsaoudivaumsn @.1) 18

VDn =nV), (4.1)
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win Tl n A lddsaumsi 4.2)

%’L = n% (4.2)
AT AT
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idunaoaduMsNInuNguNniiszHde- 60°C §4 160 °C

4007y
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funmu Taorad lduaasliiiun R, soudhalinouihudaduninndn R, uazezlvan
a 1 n.’,’ ' o 1 ° g o - 1
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Id = 20m Vzl =43 Vd = 0.766 n=1
VR1 = Vzl - n'Vd VRI1 = 3.534
VR1
- Rl = 176.7
Vee=18+nVd + VR1 Nee = 6.1
Id = 20m Nzl =47 Vd =10.766 n=1

VR1 = Vzl - nVd

VR =3.934

VRI
a5 R = 1967
Vee = 1.8 +n-Vd + VR1 Vee= 63
Id = 20m Vzl = 5.1 Vd = 0.766 n=1
VRI=Vzl - n-Vd VRI1 = 4334
VR1
NG RI'=12167
Vee = 1.8+ nVd+ VRI Vee = 69
Id = 20m ¥zl =43 Vd :=0.766 n:=2
VR1 = \Vzl = n-Vd VR1 = 2768
VR1
Ry = Rl = 1384

Vee =18+ n'Vd + VR1

Vee = 6.1
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SEMICONDUCTOR"

Small Signal Diode

Absolute Maximum Ratings*

1N4152

DO-35

Color Band Denotes Cathode

T, = 25°C unless otherwise noted
Symbol Parameter Value Units
Varu Maximum Repetitive Reverse Voltage 40 Vv
leavy Average Rectified Forward Current 200 mA
lesm Non-repetitive Peak Forward Surge Current
Pulse Width = 1.0 second 1.0 A
Pulse Width = 1.0 microsecond 4.0 A
Tog Storage Temperature Range -65 to +200 °C
T, Operating Junction Temperature 175 °C
*These ratings are limiting values above which the servicaability of any semiconducior device may be impaired.
NOTES:
1) These ratings are based on a maximum j p of 200 degrees C.
2) These are steady stata limits. The factory should be consulted on applications involving pulsed or low duty cycle operations.
Thermal Characteristics
Symbol Parameter Value Units
Ps Power Dissipation 500 mwW
[ T Thermal Resistance, Junction to Ambient 300 °CW
Electrical Characteristics r,«25:c uness ohewisanotsd
Symbol Parameter Test Conditions Min | Max | Units
Ve “Breakdown Voltage o= 5.0 pA 40 v
Ve Forward Voltage I = 0.1 mA 0.49 0.55 \"
- = 0.25 mA 0.53 0.59 \
l-=1.0 mA 0.59 0.67 v
le = 2.0 mA 062 | 070 %
le =10 mA 0.70 0.81 A"
|- = 20 mA 0.74 0.88 V
la Reverse Current Ve=30V 50 nA
Vg =30V, T, = 150°C 50 pA
Cr Total Capacitance Ve=0,f =1.0 MHz 2 pF
i Reverse Recovery Time l.=1l=10mA, R =100Q 4 ns
I,=1.0 mA
tez Reverse Recovery Time l=10mA, V=60V, 2 ns
R, =100Q1,=1.0mA

©2002 Fairchild Semiconductor Corporation

1N4152, Rev. A
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TRADEMARKS

The following are registered and unregistered trademarks Fairchild Semiconductor owns or is authorized to use and is
not intended to be an exhaustive list of all such trademarks.

RGEX T FAST ©® MICROWIRE™ SILENT SWITCHER® UHC™
Bottomless™ FASTI™ OPTOLOGIC ® SMART START™ UltraFET @
CoolFET™ FRFET™ OPTOPLANAR™ SPM™ VCX™
CROSSVOLT™ GlobalOptoisolator™ PACMANT™ STAR*POWER™
DenseTrench™ GTQ™ POpT™ Stealth™

DOME™ HiSeC™ Power247™ SuperSOT ™-3

EcoSPARK™ PG> PowerTrench® SuperSOT™-6

E2CMOS™ ISOPLANAR ™ QFET™ SuperSOT™-8

EnSigna™ LittleFET™ Qs™ SyncFET™

FACT™ MicroFET™ QT Optoelectronics™ TinyLogic™

FACT Quiet Series™ MicroPak™ Quiet Series™ TruTranslation™

STAR*POWER is used under license
DISCLAIMER

FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER
NOTICE TOANY PRODUCTS HEREIN TQ IMPROVE RELIABILITY, FUNCTION OR DESIGN. FAIRCHILD
DOES NOTASSUME ANY LIABILITY ARISING OUT OF THE APPLICATION OR USE OF ANY PRODUCT
OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS PATENT
RIGHTS, NOR THE RIGHTS OF OTHERS.

LIFE SUPPORT POLICY

FAIRCHILD'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTENAPPROVAL OF FAIRCHILD SEMICONDUCTOR CORPORATION.
As used herein:

1. Life support devices or systems are devices or 2. A critical component is any component of a life
systems which, (a) are intended for surgical implant into support device of system whose failure 16 perform can
the body, or (b) suppoert or sustain life, or (c) whose be reasonably expected to cause the failure of the life
failure to perform when properly used in accordance support device or system, or to affect its safety or
with instructions for use provided in the labeling, can be effectiveness.

reasonably expected to result in significant injury to the

user.

PRODUCT STATUS DEFINITIONS

Definition of Terms

Datasheet Identification Product Status Definition
Advance Information Formative or This datasheet contains the design specifications for
In Design produet development. Specifications may change in

any manner without notice.

Preliminary First Production This datasheet contains preliminary data, and
supplementary data will be published at a later date.
Fairchild Semiconductor reserves the right to make
changes at any time without notice in order to improve
design.

No Identification Needed Full Production This datasheet contains final specifications. Fairchild
Semiconductor reserves the right to make changes at
any time without notice in order to improve design.

Obsolete Not In Production This datasheet contains specifications on a product
that has been discontinued by Fairchild semiconductor.
The datasheet is printed for reference information only.

Rev. HS
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1N5225 THRU 1N5267

ZENER DIODES

FEATURES

DO-35 ¢ Silicon Planar Power Zener Diodes

L + Standard Zener voltage tolerance is + 5%

3 with a “B” suffix. Other tolerances are

g J available upon request. 2

€ o S
5] £ | {20020 + These diodes are also available in Mini-MELF case with 7
= the type designation ZMM5225 ... ZMM5267, SOT-23
i + L case with the type designation MMBZ5265 ... MMBZ5267

- and SOD-23 case with the types designation MMSZ5225 ...

& MMSZ5267.

z __-E max. ©.020 (0.52)

MECHANICAL DATA

Dimensions are in inches and (millimeters) Case: DO-35 Glass Case
Weight: approx. 0.13 g

MAXIMUM RATINGS

Ralings at 25*°C ambient lemperature unless otherwise specified.

SYMBeoL VALUE UNIT

Zener Current (see Table “Characteristics”)
Power Dissipation at Tambp = 75°C Ptot 500" mW
Maximum Junction Temperature Tj 175 °C
Storage Temperature Range Ts — 65t0+175 °C

SYMBOL MIN. TYP. MAX. UNIT
Thermal Resistance 5
Junction to Ambient Air ReuA 5 = 2 N
Forward Voltage
at If = 200 mA e = e L i
NOTES:
Valid provided that leads at a distance of 10 mm from case are kepl al ambient femperature.

. GENERAL

1121799 G SEMICONDUCTOR'
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1N5225 THRU 1N5267

ELECTRICAL CHARACTERISTICS

Ratings at 25°C ambient temperature unless otherwise specified.

Nominal Maximum Zener impedance!" i Maximum :
s ek P Ter:):)':l:;::lfﬂ Reverse Leakage Current ::;L’:‘a‘:g:
Voltage'® Current at at Coefficient Current?
I:'tr Izt (mA) - 1Z4=0.25mA Test Voltage
Type vz (V) ZzT (Q) ZzK () avz (% I K) IR (A) VR (V) Izm (MA)
1N5225 3.0 20 29 1600 - 0.075 50 1.0 152
1N5226 3.3 20 28 1600 -0.070 25 1.0 138
1N5227 3.6 20 24 1700 -0.065 15 1.0 126
1N5228 3.9 20 23 1900 ~0.060 10 1.0 115
1N5229 4.3 20 22 2000 -0.055 5.0 1.0 106
1N5230 4.7 20 19 1900 +0.030 5.0 2.0 97
1N5231 5.1 20 G 1600 +0.030 5.0 2.0 89
1N5232 5.6 20 11 1600 +0.038 5.0 3.0 81
1N5233 6.0 20 7 1600 +0.038 5.0 3.5 76
1N5234 6.2 20 7 1000 +0.045 5.0 4.0 73
1N5235 6.8 20 5 750 +0.050 3.0 5.0 67
1N5236 7.5 20 6 500 +0.058 3.0 6.0 61
1N5237 8.2 20 8 500 +0.062 3.0 6.5 55
1N5238 8.7 20 8 600 +0.065 3.0 6.5 52
1N5239 9.1 20 10 600 +0.068 3.0 7.0 50
1N5240 10 20 JA 600 +0.075 3.0 8.0 45
1N5241 1 20 22 600 +0.076 2.0 8.4 41
1N5242 12 20 30 600 +0.077 1.0 9.1 38
1N5243 13 9.5 13 600 +0.079 05 9.9 35
1N5244 14 9.0 15 600 +0.082 0.1 10 32
1N5245 15 B.5 16 600 +0.082 0.1 11 30
1N5246 16 7.8 T 600 +0.083 0.1 12 28
1N5247 17 7.4 19 600 +0.084 0.1 13 27
1N5248 18 7.0 21 600 +0.085 0.1 14 25
1N5249 19 6.6 23 600 +0.086 0.1 14 24
1N5250 20 6.2 D 600 +(,086 0.1 ns 23
1N5251 22 56 29 600 +0.087 0.1 17 21
1N5252 24 52 ) 33 600 +0.087 0.1 18 19.1
1N5253 25 5.0 = 600 +0.089 0.1 19 18.2
1N5254 27 4.6 41 600 +0.090 0.1 21 16.8
1N5255 28 4.5 44 600 +0.091 0.1 21 16.2
1N5256 30 4.2 49 600 +0.091 01 23 15.1
1N5257 33 3.8 58 700 +0,092. 01 25 13.8
1N5258 36 3.4 70 700 +0.093 0.1 27 12.6
1N5259 39 3.2 80 800 +0.094 0.1 30 11.6
1N5260 43 3.0 93 900 +0.095 0.1 33 10.6
1N5261 47 2.7 105 1000 +0.095 0.1 36 9.7
1N5262 51 2.5 125 1100 +0.096 0.1 39 8.9
1N5263 56 o0 150 1300 +0.096 0.1 43 -
1N5264 60 504 170 1400 +0.097 0.1 46 -
1N5265 62 2.0 185 1400 +0.097 0.1 47 -
1N5266 68 1.8 230 1600 +0.097 0.1 52 -
1N5267 75 1.7 270 1700 +0.098 0.1 56 -
NOTES:

(1) The Zener impedance is derived from the 1 kHz AC voltage which results when an AC current having an RMS value equal to 10% of the Zener current {1z of 1K)
is superimposed on IzT or Izx. Zener impedance is measured at two points to insure a sharp knee on the breakdown curve and to eliminate unstable units

(2) Valid provided that leads at a distance of 10 mm from case are kept at ambient temperature

(3) Measured with device junction in thermal equilibrium

@

GENERAL

SEMICONDUCTOR’




103

RATINGS AND CHARACTERISTIC CURVES 1N5225 THRU 1N5267

100

Admissible power dissipation
versus ambient temperature

Valid provided that leads at a distance of 10 mm
from case are kept at ambient temperature

0 100 200°C

@

(GENERAL )
SEMICONDUCTOR
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DISCRETE SEMICONDUCTORS

DATA SHIEET

2N3904
NPN switching transistor

Product specification 1999 Apr 23
Supersedes data of 1997 Jul 15
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Product specification

106

NPN switching transistor 2N3904
FEATURES PINNING
» Low current (max. 200 mA) PIN DESCRIPTION
* Low voltage (max. 40 V). 1 collector
2 base
APPLICATIONS 3 emitter

» High-speed switching.

DESCRIPTION

NPN switching transistor in a TO-92; SOT54 plastic
package. PNP complement: 2N3906.

3 =
——————]
= =

MAM279 3
Fig.1  Simplified outline (TO-92; SOT54)
and symbol.
LIMITING VALUES
In accordance with the Absolute Maximum Rating System (IEC 134).

SYMBOL PARAMETER 7 CONDITIONS MIN. MAX. | UNIT
Veeo collector-base voltage open emitter - 60 Vv
Vceo collector-emitter voltage open base - 40 \
Veso emitter-base voltage open collector - 6 A
Ic collector current (DC) - 200 mA
lem peak collector current - 300 mA
lgm peak base current - 100 mA
Piot total power dissipation Tamb < 25 °C; note 1 - 500 mW
Tstg storage temperature -65 +150 °C
Tj junction temperature - 150 °C
Toamb operating ambient temperature -65 +150 °C

Note

1. Transistor mounted on an FR4 printed-circuit board.

1999 Apr 23
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Philips Semiconductors Product specification
NPN switching transistor 2N3904
THERMAL CHARACTERISTICS
SYMBOL PARAMETER CONDITIONS VALUE UNIT
Rihja thermal resistance from junction to ambient note 1 250 K/w
Note

1. Transistor mounted on an FR4 printed-circuit board.

CHARACTERISTICS
Tamb =25°C.

SYMBOL PARAMETER CONDITIONS MIN. MAX. | UNIT
lceo collector cut-off current lge=0;Veg =30V - 50 nA
leso emitter cut-off current lec=0;Veg =6V - 50 nA
hee DC current gain Vee=1V; note 1

lc=0.1 mA 60 -
lc=1mA 80 -
le=10 mA 100 300
lgc =50 mA 60 =
Ic =100 mA 30 -
VeEsat collector-emitter saturation voltage { I = 10 mA: Iz =1 mA; note 1 - 200 mV
Ic =50 mA; Ig =5 mA; note 1 - 200 mV
VBEsat base-emitter saturation voltage Ig=10mA; Iz = 1 mA; note 1 - 850 mV
Ic =50 mA; Ig =5 mA; note 1 - 950 mV
Ce collector capacitance le=ig=0;Veg=5V;f=1MHz - 4 pF
Ce emitter capacitance lc=ie=0;Vgg =500 mV; f=1MHz |- 8 pF
fr transition frequency le = 10 mA; Ve =20 V: f = 100 MHz | 300 - MHz
F noise figure Ilc =100 uA; Vee =5V Rg = 1 kQ; - 5 dB
f=10Hz to 15.7 kHz
Switching times (between 10% and 90% levels); see Fig.2
o turn-on time Icon =10 MA; Igon = 1 MA; - 65 ns
ty delay time lgorr = =1 mA = 35 ns
L rise time - 35 ns
tonr turn-off time - 240 ns
ts storage time - 200 ns
t fall time - 50 ns
Note

1. Pulse test: t, < 300 pus; § < 0.02.

1999 Apr 23 3
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Product specification

NPN switching transistor

2N3904

Ves Vee

Rg

Vi=5V, T=500ps; t, = 10 us;t, = {4y <3 ns.
R1=156Q; R2=25kQ; Rg = 3.9 k(; Rc = 27002,
Veg =-1.9V:Vec =3V,

Oscilloscope input impedance Z; = 50 Q.

Fig.2 Test circuit for switching times.

V,
oscilloscope iprobe) 5 M oscilloscope
- 450 Q 450 Q -
R2
Vi DUT
MLB82S

1999 Apr 23 4
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Philips Semiconductors Product specification
NPN switching transistor 2N3904
PACKAGE OUTLINE
Plastic single-ended leaded (through hole) package; 3 leads SOT54
T ————¢

|e———— E ———a]
re—d — f-— A A
1]
[ b
@ | il (27 0 F — _f
F Ll ‘
1 2 ]
D—1-— o1 | o 2 ZEDEL o f
- rg 4
: PR -—-
1
b‘ —~— L‘I ——-bl
0 25 5mm
B e O W
scale
DIMENSIONS (mm are the original dimensions)
UNIT | A b by c D d E e ey L st
5.2 0.48 0.66 | 0.45 4.8 i 42 14.5
™ | 50 | 040 | 056 | 040 | 44 | 14 | 36 | 254 [ 127 | ;57| 25
Note
1. Terminal dimensions within this zone are uncontrolled to allow for flow of plastic and terminal irregutarities.
OUTLINE REFERENCES EUROPEAN TE
VERSION &7 e ey PROJECTION ISSUEDA
SOTs4 TO-02 sC43 =& 97-02-28
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Philips Semiconductors Product specification
NPN switching transistor 2N3904
DEFINITIONS
Data sheet status
Objective specification This data sheet contains target or goal specifications for product development.
Preliminary specification This data sheet contains preliminary data; supplementary data may be published later.
Product specification This data sheet contains final product specifications.

Limiting values

Limiting values given are in accordance with the Absolute Maximum Rating System (IEC 134). Stress above one or
more of the limiting values may cause permanent damage to the device. These are stress ratings only and operation
of the device at these or at any other conditions above those given in the Characteristics sections of the specification
is not implied. Exposure to limiting values for extended periods may affect device reliability.

Application information

Where application information is given, it is advisory and does not form part of the specification.

LIFE SUPPORT APPLICATIONS

These products are not designed for use in life support appliances, devices, or systems where malfunction of these
products can reasonably be expected to result in personal injury. Philips customers using or selling these products for
use in such applications do so at their own risk and agree to fully indemnify Philips for any damages resulting from such
improper use or sale.

1999 Apr 23 6
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NOTES
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NEW PRODUCT

2N3906

SMALL SIGNAL TRANSISTORS (PNP)

T0-92

0.181 (4.6) 0.142 (3.6)

»l
»

min. 0.492 (12.5) 0.181 (4.6)
)
>

Dimensions in inches and (millimeters)

FEATURES

¢+ PNP Silicon Epitaxial Planar Transistor for
switching and amplifier applications. @
+ As complementary type, the NPN transistor

2N3904 is recommended.

*

On special request, this transistor is also

manufactured in the pin configuration

TO-18.

¢ This transistor is also available in the SOT-23 case with
the type designation MMBT3906.

MECHANICAL DATA

Case: TO-92 Plastic Package

Weight: approx. 0.18g

MAXIMUM RATINGS AND ELECTRICAL CHARACTERISTICS

Ratings at 25°C ambient temperature unless otherwise specified

SYMBOL

VALUE UNIT

Collector-Base Voltage -Vceo 40 Volts

Collector-Emitter Voltage -Vceo 40 Volts

Emitter-Base Voltage -VEBO 5.0 Volts
Collector Current -lc 200 mA
Power Dissipation at Ta = 25°C Ptot 625 mW

atTc=25°C 15 Watts

Thermal Resistance Junction to Ambient Air ReJa 250" °C/W
Junction Temperature Tj 150 °C
Storage Temperature Range Ts — 6510 +150 °C

NOTES:
(1) Valid provided that leads are kept at ambient temperature.

1/5/99
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2N3906

ELECTRICAL CHARACTERISTICS

Ralings at 25°C ambient lemperature unless otherwise specified

SYMBOL MIN, MAX. UNIT

Collector-Base Breakdown Voltage
- - |
at-Ic = 10 pA, lg = 0 ViBRicBO b W
Collector-Emitter Breakdown Voltage
at-lc=1mA, Ig=0 -V(BR)CEO 40 = Volts
Emitter-Base Breakdown Voltage
at-lE=10 pA, Ic=0 -V(BR)EBO 5 Volts
Collector Saturation Voltage
at-lc=10mA, -lIs = 1 mA —VCEsat - 0.25 Volts
at-lc = 50 mA, -lIg = 5 mA ~VCEsat - 0.4 Volts
Base Saturation Voltage
at-lc=10mA, -Is=1 mA ~VBEsat - 0.85 Volts
at-lc=50 mA, -Is=5 mA ~VBEsat - 0.95 Volts
Collector-Emitter Cutoff Current
at-Vee=3V, -Vce=30 V —lcey K % e
Emitter-Base Cutoff Current
at-Ve=3 V, -Vce=30 V -leBv - 50 nA
DC Current Gain
atl-Vce=1V, -lc=0.1 mA hre 60 - &
at-Vce=1V, -lc=1mA hFE 80 -1 s
at-Vce=1V,-lc=10 mA hFe 100 300 —
al-Vce =1V, -lc =50 mA hEE 60 - =
at-Vce =1 V, -lc = 100 mA hFE 30 g =
Input Impedance
at-Vce=10V,-lc=1 mA, f= 1 kHz hie 1 10 ke2
Voltage Feedback Ratio
at-VCE=10V,-Ic=1mA, f = 1 kHz hre 05:10* 8-107* -
Gain-Bandwidth Product
at-Vce =20 V, -ilc = 10 mA, f = 100 MHz fr 250 = MHz
Collector-Base Capacitance
at-Vep =5V, f = 100 kHz Cceo = 45 pF
Emitter-Base Capacitance
at-Ves= 0.5V, f = 100 kHz CeBo - 10 pF
GENERAL

S
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2N3906

ELECTRICAL CHARACTERISTICS

Ratings at 25°C ambient temperature unless otherwise specitied

SYMBOL MIN. MAX. UNIT
Small Signal Current Gain
at-Vce=10V,-IC =1 mA, f = 1 kHz hte 100 400 -
Output Admittance
at-Vce=1V,-lc=1mA, f= 1 kHz hoe 1 40 nS
Noise Figure
at-Vce =5V, —Ic = 100 pA, Rg = 1 ke,
f=10... 15000 Hz NF - 4 dB
Delay Time (see Fig. 1)
at-lg1 =1 mA, —ic = 10 mA td = 35 ns
Rise Time (see Fig. 1)
at-lg1 =1 mA, -lc = 10 mA tr - 38 ns
Storage Time (see Fig. 2)
at g1 =-lgz= 1 mA, —lc = 10 mA ts - 225 ns
Fall Time (see Fig. 2)
atIg1 = -2 = 1 mA, -Ic = 10 mA t - 75 ns

-05 V_-,

=106V —

Fig. 1: Test circuit for delay and rise time
* total shunt capacitance of test jig and connectors

+9,qy=}==<1.0ns

10<t <500ms—+f t, to— & obd

DUTY CYCLE = 2%

Fig. 2: Test circuit for storage and fall time
* total shunt capacitance of test jig and connectors

) GENERAL
& i
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AD390

PRODUCT DESCRIPTION

The AD590H has 60 p inches of gold plating on its Kovar leads
and Kovar header. A resistance welder is used to seal the nickel
cap to the header. The AD590 chip is eutectically mounted to
the header and ultrasonically bonded to with 1 mil aluminum
wire. Kovar composition: 53% iron nominal; 29% +1% nickel:
17% £1% cobalt; 0.65% manganese max; 0.20% silicon max;
0.10% aluminum max; 0.10% magnesium max; 0.10%
zirconium max; 0.10% titanium max; 0.06% carbon max.

The ADS90F is a ceramic package with gold plating on its Kovar
leads, Kovar lid, and chip cavity. Solder of 80/20 Au/Sn
composition is used for the 1.5 mil thick solder ring under the
lid. The chip cavity has a nickel underlay between the
metallization and the gold plating. The AD590 chip is
eutectically mounted in the chip cavity at 410°C and
ultrasonically bonded to with 1 mil aluminum wire. Note that
the chip is in direct contact with the ceramic base, not the metal
lid. When using the AD590 in die form, the chip substrate must

be kept electrically isolated (floating) for correct circuit
operation.

THE AD590 IS AVAILABLE IN LASER-TRIMMED CHIP FORM; 5
CONSULT THE CHIP CATALOG FOR DETAILS

Figure 3. Metalization Diagram
CIRCUIT DESCRIPTION'

The AD590 uses a fundamental property of the silicon
transistors from which it is made to realize its temperature
proportional characteristic: if two identical transistors are
operated at a constant ratio of collector current densities, r, then
the difference in their base-emitter voltage will be (kT/q)(In r).
Since both k (Boltzman’s constant) and q (the charge of an
electron) are constant, the resulting voltage is directly
proportional to absolute temperature (PTAT).

In the AD590, this PTAT voltage is converted to a PTAT current
by low temperature coefficient thin-film resistors. The total
current of the device is then forced to be a multiple of this

! For a more detailed description, see M.P. Timko, "A Two-Terminal IC
Temperature Transducer,” IEEE J. Solid State Circuits, Vol, SC-11, p. 784-788,
Dec. 1976. Understanding the Specifications-AD590.

PTAT current. Figure 4 is the schematic diagram of the AD590.
In this figure, Q8 and Q11 are the transistors that produce the
PTAT voltage. R5 and R6 convert the voltage to current. Q10,
whose collector current tracks the collector currents in Q9 and
Q11, supplies all the bias and substrate leakage current for the
rest of the circuit, forcing the total current to be PTAT. RS and
R6 are laser-trimmed on the wafer to calibrate the device at
25°C,

Figure 5 shows the typical V-1 characteristic of the circuit at
25°C and the temperature extremes.

*

Ry SRy
T 2600 T 10400
Q
o Mol ayo {a,
F_ﬂ c‘kl—qL
Q 26pF
1_..
o - & |
i | Ry
SUBSTRATE § Ry § 11k02
sk
ey |

- B
aE
Ry
e
W

Figure d. Schematic Diagrom

TEiE

~k§?

+150°C

- +25°C
5 e |, — 1t
~
2
o ~55°C 3

218 — L

/ // 2 g
o 1 2 3 4 5 6 30
SUPPLY VOLTAGE (V)

Figure 5. V-1 Plot

EXPLANATION OF TEMPERATURE SENSOR
SPECIFICATIONS

The way in which the AD590 is specified makes it easy to apply
in a wide variety of applications. It is important to understand
the meaning of the various specifications and the effects of
supply voltage and thermal environment on accuracy.

Rev. C | Page 6 of 16
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The AD550 is basically a PTAT (proportional to absolute
temperature)' current regulator. That is, the output current is
equal to a scale factor times the temperature of the sensor in
degrees Kelvin. This scale factor is trimmed to 1 pA/K at the
factory, by adjusting the indicated temperature (that is, the
output current) to agree with the actual temperature. This is
done with 5V across the device at a temperature within a few
degrees of 25°C (298.2K). The device is then packaged and
tested for accuracy over temperature.

CALIBRATION ERROR

At final factory test, the difference between the indicated
temperature and the actual temperature is called the calibration
error. Since this is a scale factory error, its contribution to the
total error of the device is PTAT. For example, the effect of the
1°C specified maximum error of the AD590L varies from
0.73°C at -55°C to 1.42°C at 150°C. Figure 6 shows how an
exaggerated calibration error would vary from the ideal over
temperature.

ACTUAL
TRANSFER
FUNCTION

< lacruaL fmoomm i
2 CALIBRATION IDEAL
E ERROR TRANSFER
8 FUNCTION
298.2
TEMPERATURE (*K)

Figure 6. Calibration Error vs. Temperature

The calibration error is a primary contributor to maximum
total error in all AD590 grades. However, since it is a scale factor
error, it is particularly easy to trim, Figure 7 shows the most
clementary way of accomplishing this, To trim this circuit, the
temperature of the AD590 is measured by a reference
temperature sensor and R is trimmed so that Vr=1 mV/K at
that temperature. Note that when this error is trimmed out at
one temperature, its effect is zero over the entire temperature
range. In most applications there is a current-to-voltage
conversion resistor (or, as with a current input ADC, a
reference) that can be trimmed for scale factor adjustment.

' T(°C) = T(K) -273.2. Zero oni the Kelvin scale is “absolute zero”; there is no
lower temperature.

5v + 5
é AD53%0

—
R/

1000
Vi=imViK 3

9500 3 g
= =

Figure 7. One Temperature Trim

ERROR VERSUS TEMPERATURE: WITH
CALIBRATION ERROR TRIMMED OUT

Each AD590 is tested for error over the temperature range with
the calibration error trimmed out. This specification could also
be called the “variance from PTAT, because it is the maximum
difference between the actual current over temperature and a
PTAT multiplication of the actual current at 25°C. This error
consists of a slope error and some curvature, mostly at the
temperature extremes. Figure 8 shows a typical AD590K
temperature curve before and after calibration error trimming,

W
g
§
w
£
-
o
w
o
<
CALIBRATION
TRIM
£ 1 I
-55 150
TEMPERATURE (°C)

Figure 8. Effect to Scale Factor Trim on Accuracy

ERROR VERSUS TEMPERATURE: NO USER TRIMS

Using the AD590 by simply measuring the current, the total
error is the variance from PTAT, described above, plus the effect
of the calibration error over temperature. For example, the
ADS590L maximum total error varies from 2.33°C at -55°C to
3.02°C at 150°C. For simplicity, only the large figure is shown on
the specification page.

NONLINEARITY

Nonlinearity as it applies to the AD590 is the maximum
deviation of current over temperature from a best-fit straight
line. The nonlinearity of the AD590 over the —55°C to +150°C
range is superior to all conventional electrical temperature
sensors such as thermocouples, RTDs, and thermistors. Figure 9
shows the nonlinearity of the typical ADS590K from Figure 8.

Rev.C|Page 7 of 16
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16

 uf

g o.rc'm

e e i
2 | +
E MAX

s
.
|-—

-16 1 i

TEMPERATURE (*C)

Figure 9. Nonlinearity

Figure 10 shows a circuit in which the nonlinearity is the major
contributor to error over temperature. The circuit is trimmed by
adjusting R1 for a 0 V output with the AD590 at 0°C. R2 is then
adjusted for 10 V out with the sensor at 100°C. Other pairs of
temperatures may be used with this procedure as long as they
are measured accurately by a reference sensor. Note that for
15V output (150°C) the V+ of the op amp must be greater than
17 V. Also note that V- should be at least —4 V; if V- is ground,
there is no voltage applied across the device.

15v
Rz
96k Sk

”
.4

30pF

27x0 ﬁ_.»_o
8 - 100mVrC
47 ADYOTA v T Yoemyirc

I5.7k2

“\g"’

AD581

gmw

Figure 10. 2-Temperature Trim

B0833L010

TEMPERATURE (*C)
o

TEMPERATURE (*C)

Figure 11. Typical 2-Trim Accuracy

VOLTAGE AND THERMAL ENVIRONMENT EFFECTS

The power supply rejection specifications show the maximum
expected change in output current versus input voltage changes.
The insensitivity of the output to input voltage allows the use of
unregulated supplies. It also means that hundreds of chms of
resistance (such as a CMOS multiplexer) can be tolerated in
series with the device.

It is important to note that using a supply voltage other than 5V
does not change the PTAT nature of the AD590. In other words,
this change is equivalent to a calibration error and can be
removed by the scale factor trim (see Figure 8).

The ADS590 specifications are guaranteed for use in a low
thermal resistance environment with 5V across the sensor.
Large changes in the thermal resistance of the sensor’s
environment change the amount of self-heating and result in
changes in the output, which are predictable but not necessarily
desirable.

The thermal environment in which the AD590 is used
determines two important characteristics: the effect of self-
heating and the response of the sensor with time. Figure 12 is a
model of the AD590 that demonstrates these characteristics.

J % "'c Oca

Figure 12. Thermal Circuit Model

As an example, for the TO-52 package, B¢ is the thermal
resistance between the chip and the case, about 26°C/W. 8¢, is
the thermal resistance between the case and the surroundings
and is determined by the characteristics of the thermal
connection. Power source P represents the power dissipated on
the chip. The rise of the junction temperature, Tj, above the
ambient temperature Ty is

7, =P(91c +9ca)
Equation 1.

Table 4 gives the sum of Bc and 8ca for several common
thermal media for both the H and F packages. The heat sink
used was a common clip-on. Using Equation 1, the temperature
rise of an AD590 H package in a stirred bath at 25°C, when
driven witha 5V supply, is 0.06°C. However, for the same
conditions in still air, the temperature rise is 0.72°C. For a given
supply voltage, the temperature rise varies with the current and
is PTAT. Therefore, if an application circuit is trimmed with the
sensor in the same thermal environment in which it will be
used, the scale factor trim compensates for this effect over the
entire temperature range.

Rev. C|Page B of 16
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Table 4. Thermal Resistance

response, T (t). Table 4 shows the effective time constant, 1, for

Bic + Bca (°C/Watt) T (sec)’ several media.
Medium H F H F
Aluminum Block 30 10 0.6 0.1
TrnaL )
Stirred Oil? 42 60 14 0.6
Moving Air® w
With Heat Sink 45 - 50 - P
Without Heat Sink 115 190 135 100 E.
Still Air E
With Heat Sink 191 : 108 |- a TN ® e Towtued £ 1
Without Heat Sink | 480 650 60 30 z
w
'tis dependent upon velocity of oil; average of several velocities listed sbove. ”
*Air velocity @ 9 ft/sec. b
*The time constant is defined as the time required to reach 63.2% of an a
instantaneous temperature change. ] |

The time response of the AD590 to a step change in

v 4ar
TIME

temperature is determined by the thermal resistances and the
thermal capacities of the chip, Ccu, and the case, Cc. Cen is

about 0.04 Ws/°C for the AD590. Cc varies with the measured
medium, because it includes anything that is in direct thermal
contact with the case. The single time constant exponential
curve of Figure 13 is usually sufficient to describe the time

Figure 13. Time Response Curve

Rev.C | Page 9of 16
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GENERAL APPLICATIONS

Figure 14 demonstrates the use of a low cost digital panel meter
for the display of temperature on either the Kelvin, Celsius, or
Fahrenheit scales. For Kelvin temperature, Pins 9, 4, and 2 are
grounded; for Fahrenheit temperature, Pins 4 and 2 are left
open.

OFFSET

i
8
[ OCALIBRATION
GAIN

5 OFFSET
2|—O9scalivG

4

o

-

00833-C-014

Figure 14. Variable Scale Display

The above configuration yields a 3-digit display with 1°C or 1°F
resolution, in addition to an absolute accuracy of +2.0°C over
the -55°C to +125°C temperature range, if a one-temperature
calibration is performed on an AD590K, AD590L, or AD590M.

Connecting several AD590 units in series as shown in Figure 15
allows the minimum of all the sensed tem peratures to be
indicated. In contrast, using the sensors in parallel yields the
average of the sensed temperatures.

4
10k 13330 &
{0.1%) 47 Vr MIN (0.1%) J]

b——o0 - pb—oo—

00833C018

Figure 15. Series and Parallel Connection

The circuit in Figure 16 demonstrates one method by which
differential temperature measurements can be made. R1 and R2
can be used to trim the output of the op amp to indicate a
desired temperature difference. For example, the inherent offset
between the two devices can be trimmed in. If V+ and V- are
radically different, then the difference in internal dissipation
causes a differential internal temperature rise. This effect can be
used to measure the ambient thermal resistance seen by the

sensors in applications such as fluid-level detectors or
anemometry.

V+

;

Figure 17 is an example of a cold junction compensation circuit
fora Type ] thermocouple using the AD590 to monitor the
reference junction temperature. This circuit replaces an ice-bath
as the thermocouple reference for ambient temperatures
between 15°C and 35°C. The circuit is calibrated by adjusting Ry
for a proper meter reading with the measuring junction at a
known reference temperature and the circuit near 25°C, Using
components with the TCs as specified in Figure 17,
compensation accuracy is within +0.5°C for circuit
temperatures between 15°C and 35°C. Other thermocouple
types can be accommodated with different resistor values. Note
that the TCs of the voltage reference and the resistors are the
primary contributors to error.

Figure 16. Differential Measurements

1.5v
REFERENCE IRON
JUNCTION
+*
S CONSTANTAN
AD590 S~ e i
+
+| AD580
¢ 5230
Vour
.66k 3
. METER
.7 1
i RESISTORS ARE 1%, 50PPMPC g

Figure 17.Cold Junction Compensation Circuit for Type J Thermocouple

Figure 18 is an example of a current transmitter designed to be
used with 40 V, 1 k() systems; it uses its full current range of

4 mA to 20 mA for a narrow span of measured temperatures. In
this example, the 1 pA/K output of the AD590 is amplified to

1 mA/°C and offset so that 4 mA is equivalent to 17°C and

20 mA is equivalent to 33°C. Ry is trimmed for proper reading
at an intermediate reference temperature. With a suitable choice
of resistors, any temperature range within the operating limits
of the AD590 may be chosen.

Rev. C | Page 100f 16




122

AD390

L
I
00833C-010

Figure 18.4 mA to 20 mA Current Transmitter

Figure 19 is an example of a variable temperature control circuit
(thermostat) using the AD590, Riyand Ry are selected to set the
high and low limits for Rser. Rser could be a simple pot, a
calibrated multiturn pot, or a switched resistive divider.
Powering the AD590 from the 10V reference isolates the
AD590 from supply variations while maintaining a reasonable
voltage (~7 V) across it. Capacitor Cr is often needed to filter
extraneous noise from remote sensors. Re is determined by the
P of the power transistor and the current requirements of the
load.

. v’
AD581 | — ]
V‘(’: ouT 10v :
| HEATING
oy v Rp § | ELEMENTS
Ru 2 AD590 H
- 7 v W
Rser g i
LM311 :
Ry Ay 2 h i
i
ST % 10k0 1 Ve
| : §
]
O i |

Figure 19. Simple Temperature Control Circuit

Figure 20 shows that the AD590 can be configured with an 8-bit
DAC to produce a digitally controlled set point. This particular
circuit operates from 0°C (all inputs high) to 51.0°C (allinputs
low) in 0.2°C steps. The comparator is shown with 1.0°C
hysteresis, which is usually necessary to guard-band for
extraneous noise. Omitting the 5.1 MQ resistor results in no
hysteresis.

20pF
1.25k0
-15v REF
—O0—
= DACOUT MC 5V 2
——0— 1408/1508 [—O— 1,15k
BIT 10— —OBITS /e, 15T
BIT 20— —OoBITT +5V
BIT 30— —oBITe | *25V ADS80
BIT4 —oBITS
000 =
L
6.98kn2 o {15 e
L o 3 1k
S, 1 outPuT HiGH.
] TEMPERATURE ABOVE SET POINT
Bl
AD590 2 OUTPUT LOW-
g 1 TEMPERATURE BELOW SET POINT
15V 35180

Figure 20. DAC Set Point

The voltage compliance and the reverse blocking characteristic
of the AD590 allows it to be powered directly from 5 V CMOS
logic. This permits easy multiplexing, switching, or pulsing for
minimum internal heat dissipation. In Figure 21, any AD590
connected to a logic high passes a signal current through the
current measuring circuitry, while those connected to a logic
zero pass insignificant current. The outputs used to drive the
AD590s may be employed for other purposes, but the additional
capacitance due to the AD590 should be taken into account.

ik

>

k2 (0.1%)

00533-C-021

Figure 21. AD590 Driven from CMOS Logic

CMOS analog multiplexers can also be used to switch AD590
current. Due to the AD590’s current mode, the resistance of
such switches is unimportant as long as 4 V is maintained
across the transducer. Figure 22 shows a circuit that combines
the principle demonstrated in Figure 21 with an 8-channel
CMOS multiplexer. The resulting circuit can select 1-80 sensors
over only 18 wires with a 7-bit binary word.
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The inhibit input on the multiplexer turns all sensors off for up to eight channels of +0.5°C absolute accuracy over the
minimum dissipation while idling. temperature range of —55°C to +125°C. The high temperature
restriction of 125°C is due to the output range of the op amps;

Figure 23 demonstrates a method of multiplexing the AD590 in output to 150°C can be achieved by using a 20V supply for the

the two-trim mode (see Figure 10 and Figure 11). Additional

3 [ = ; Op amp.
AD590s and their associated resistors can be added to multiplex
1ov
e
18 1ol
14 —o-1
4028 2 . +
—o * »
CMOS
BI040 f kel ] .| B apsso
DECIMAL | g ~Toz -To1 -Too
|44 DECODER 7 -T12 -Tn =T
A By -Ta -T2
SELECT)| —if8 o
7 . o
o
10v
- 4 IREA T =549 «1F
16 lllll”“”
A N9\ 9\ O
70 | LoGic vt 1] 4051 CMOS ANALOG
ccu.uuu{ - ) ey L= MULTIPLEXER
INHIBIT —-2 —Lamm TO 1-OF .8 DECODER ]
7T 2
5 1 10k 10mVIC 2
*—0 E
v/ g
Figure 22. Matrix Multiplexer
asy a2 o sr.ex0
—pd ” v
+ 35,7k 22 ST gr.6x62
AD581 ol s
Vour - Ve
a ADTO7A
- Vi o 10mVrC
o _o—4 ks
1| | oECODERS P
| DRIVER o
*
ADS5S0L
= SELECT 5
-5V TO-15v g

Figure 23.8-Channel Multiplexer
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A study of p-n and Zener junction affects to Temperature

by PTAT circuit
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Abstract

This paper presents a temperature measuring circuit based on the principle of the zener junction in conjunction with a PTAT
(Proportional to absolute temperature) circuit. The performance of PTAT circuit can be improved by using difference in thermal
characteristics between p-n and zener junction. The results show that AV ./ AT of the circuit increases by multiple times and the output
voltage is large enough so that it can be used directly without additional amplifier. This also improves S/N ratio.

AV /AT can be further increased by connecting more than one p-n and zener junction in series. This paper shows that
AV 7 AT can be approximately increased by 32 times and the unique linearity of PTAT is still preserved. The working temperature of

circuit is between- 50°C to 150 °C

Keywords: Temperature measuring, Zener junction, PTAT
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Study on temperature effect on p-n and Zener
junction for PTAT temperature sensor

P. Songmalai ', T. Phetchakul', W. Pengchan', E. Ratanaudomphisut® and J. Supadech’
! Electronics research center, Electronic Department faculty of engineering, King Mongkut's Institute of Technology,
Chalongkrung Road, Ladkrabang, Bangkok, Thailand 10520
*TMEC, 51/4 Moo 1, Suwiontawong Road, Wangtakien District, Amphur Muang, Chachoengsao, Thailand 24000

Abstract-Research on a new compact BJT PTAT temperature
sensor structure has been reported. The zener junction-connected
BJT transistor and Base-Emitter voltage of transistor can be
temperature dependent. The performance of new compact PTAT
circuit can be improved by using difference in thermal
characteristics between p-n and zener junction. AV /AT can be
further increased by connecting p-n and zener junction in series.
The results show that AV /AT of the circuit increased by 6.77
timed or 85% compared with conventional PTAT and connecting
two p-n and zener junction in series. The result show
that AV /AT of the circuit increased by 3.3 timed or
T0%compared with proposed circuit the output voltage is large
enough so that it can be used directly without additional
amplifier. This also improves 8/N ratio and the unique linearity of
PTAT is still preserved. The working temperature of circuit is
between — 60°C to 160 °C.

I. INTRODUCTION

The temperature sensors have become common elements in
wide range of modem integrated circuits. Temperature
measurement is required in applications, varying from control
of industrial, laboratory experiments, environmental control to
biomedical instrumentation. Different types of sensors have
been employed for these applications amongst which we can
cite resistance thermometers, thermistors, quartz crystals,
thermocouples and p-n junctions. The principal factors which
determine the choice of a particular sensor for a given
application are temperature range of interest, sensitivity,
linearity, accuracy and noise immunity [1].

In this paper, we describe temperature sensor analysis
method. The p-n and zener junction are applied to PTAT
curcuit. The p-n junction is bias in forward bias and zener
junction in reverse bias [2]. The results show large voltage
output and still linear. We can increase AV /AT by additional
series p-n junction in circuit. That results are compared with
simulation by PSpice AD Student Release 9.1. It can be
developed for IC temperature sensor.

II. BAsic CIRCUIT

PTAT current source are widely used to generate bias
current and as temperature sensor in temperature measurement

978-1-4244-2101-5/08/$25.00 ©2008 IEEE

systems. A typical PTAT current source is shown in Fig 1.
Its basic core is made up of Widlar current mirror (Q1, Q2, and
R), which forces current Ic; to be PTAT [3], and a simple
mirror circuit

(Q3 and Q4), which sets equal the currents in the two branches.
The Widlar current mirror sets the voltage drop across R as
Vo=V, In(nI;/1,,) (1)
where V; =kT/g is the thermal voltage (about 26 mV at T=
300 K) and n is the ratio between the emitter area of 02 and
the emitter area of Q1. As a consequence, current Ic; is equal
to vaR
In the assumption of equal aspect ratios of O3 and Q4,
currents [, and I are equal to /¢; and reference current is
expressed by

Iy =(¥, /R)in(n), @

which is a PTAT current, independent of transistor parameters.

I

i

Figure 1. PTAT current source.
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I1I. THE PROPOSED CIRCUIT

The PTAT temperature sensor principle of operation is base
on the phenomenon that difference between voltage of two
diodes which have different areas and conduct the same current,
is proportional to absolute temperature (PTAT). From current
and voltage relation of p-n junction, if p-n junction is forward
bias, the equation show that

&)
=1

I=1I, e( i (3)

where V), is p-n junction dropped voltage, / is p-n junction
current, [ is saturation current, g is electric charge, k is
Boltzman’s constant and 7' is temperature (K). By arranging
(3), it become as

o2h

WARD

V(VOLTS)

I. L] L] . VI

TEMPERATURE (C%

(®)

Figure 2. (_a_) '_l'emperamlt dependent I-V characteristic of zener diode [4], (b)
Sensitivity characteristic of p-n junction and zener diode.

O]
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>V2

Figure 3. Zener diode and diode-connected transistor biased with PTAT
current source.

In Eq. (4), the saturation current [, is less than / so that
Vpand T are linear relation. The zener diode temperature
dependent characteristic is shown in Fig. 2(a). The voltage
dropped junction both in forward and reverse are negative
temperature coefficient. Figure = 2(b) shows difference
sensitivity of p-n junction and zener diode from voltage-
temperature plot. The different sensitivity is the advantage for
PTAT circuit.

The proposed circuit is shown in Fig. 3. The PTAT circuit
composes of zener and p-n junction. The reference current
which can be amplified or attenuated is developed using a
modification of a technique described in [5]. The high
performance PTAT voltage generator that formed by Ql, Q2,
Q3, Q4 and Q5 have the same cross section area as zener
diode (D) and p-n diodes (nD). The output voltage(V,,, ) is
given by the equation shown below [6].

Fud
V=V, =V In —-—‘; - (5
53
Vi=Vou+¥p (6)
VZ = Vz (7)

From Eq. 4, 5, 6 and 7, the relationship between V, , and T

namely
k I k
V. =V,-n|T|—|In| — T =
=V, { (,,)[;H* [q)

(8)
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AV AV AV AV

e} =| — + — -] — (9)

AT loury {AT(PTAT) “’wu] [”w)]
where

V.. = the voltage across R

Vprar = the voltage across R (Fig. 1)
Vp = the voltage across diode

V; = voltage across zener diode

IV. THE MEASUREMENT AND SIMULATION RESULT

The measurement system shown in Fig.4 is used in the
experiment. The heater chamber has accuracy +1%7°C in the
temperature range from -60°C to 160 "'C. QI and Q2 are P-NP
(2N3906); Q; O,and Q; are NP-N 2N3904). All of them are
biased by current source 20 mA at 25'C. The zener diode D, is
IN5229 at breakdown voltage at 4.3V and diode D, D, are
1N4152. All transistor work in active mode at V. = 6/ and is
shown in Fig. (3) and Fig. (6).

The result from the test circuit in Fig. 3( R =176Q ) is shown
in Fig. 5. V,,, is measured by multimeter and compared with
simulate results from PSpice.

From Fig. 5 we see that the measured sensitivity is about
0.61mV /° C in temperature range -60°C to 160 'C. The output
voltage starts 3.658 V at temp -60°C. The output voltage is
large enough and can be used directly without any external
amplifier. The sensitivity increases by 6.77 times compared
with conventional PTAT in Fig. 1. The sensitivity is about 0.09
mV/-C. The measured results differ from the simuiation results
by 8.3% because some parameters in PSpice do not match with
exact practical values

Figure 4. Measurement system.

(a) Diagram of measurement system.
(b) Temperature control circuit.
(¢) Heater chamber
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Figure 5. Measured and simulate result of Fig. 3(R=17602).
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i

;

Figure 6. The proposed circuit when increased number of series p-n junction
diode (n).

The result of test circuit in Fig. 6 (n=2,R=1/39(2) is shown in
Fig. 7. ¥, is measured and compared with simulation results
from PSpice.

From Fig. 7, we can see that the measured sensitivity is
about 2.04mV /° C in the temperature range from -60°C to 160
‘C. The output voltage start at 2.87 V at -60°C. The output
voltage is large enough and can be used directly without an
external amplifier.. The sensitivity is increased by 3.3 times
compare with the circuit in Fig. 3.
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Figure 7. Measured and simulate result of Fig, 6 (n=2, R=1390Q).

This time the measured results differ from the simulation
results by 3.3%. The results can be explained by (9). Figure 7
show that the output voltage decreases with increasing number
of diodes (see also (8)). Another way for increasing the
sensitivity is to raise the breakdown voltage of zener diode D;
(see also (9)). In Fig. 6, we can use 1 to 4 diodes and
breakdown voltage Fzof the zener diode in the range from 4.3
to 5.2V. The results shown in Fig. 8 are simulated by PSpice.

0.008 ?
0.007
0.006
0.005

0.004

0.003

sensitivity

0.002 ~

0.001 4

0.000 .

n diode

Figure 8. Simulate sensitivity of difference Zemer diode and n diodes—
connected.

We can apply the temperature effect of p-n and zener
junction in a conventional PTAT circuit to increase the
sensitivity.

Table 1 summarily the sensitivity of PTAT circuit in Fig. 3
and Fig. 6, also show the sensitivity of zener diode D, and
diode D.

Tabie | Comparison of sensitivity AV /AT between measurement and (9)

AV IAT (mv/°C)

Measured From (9) | PTAT | D, (V,=4.3V) D
0.61(see Fig. 5) 0.61 0.09 -0.98 -1.5 (n=1)
2.11(see Fig_7) 2.01 0.09 -0.98 2.9 (n=2)
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We observe that the proposed PTAT circuit, with use for
voltage reference between p-n junction and zener junction, has
sensitivity higher than the conventional PTAT (Fig. 1). The
maximum error compare with (9) is about 4.74%.

V. CONCLUSIONS

A new PTAT temperature sensor was studied. The sensor
structure is based on difference in thermal characteristics
between p-n and zener junction. The result shows that the new
PTAT (Fig. 6) has good enough linearity and sensitivity so that
it can be used as a temperature sensor without any external
amplifier. The sensitivity increases by 23 times compared with
conventional PTAT. Other result, we can increase AV /AT by
additional series p-n junctions and raise the breakdown voltage
of zener diode (Fig. 8). This circuit can apply another circuit in
the future. The working temperature of circuit is between
- 60°C to 160 C.
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