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Effect of Temperature on I/V curves

Source: Hu
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Figure 4.21 The /V curves of the silicon PN diode shift to lower voltages with increasing temperature
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Effect of Temperature on I/V curves

* Foragiven I we want to understand how the diode voltage V
varies with temperature

* The diode’s I/V equation contains temperature in two places: V; =
KT/q and I

P D n
+
LN, LN,

‘upVT + w,Vy

= gAn;
LN, LN,

Vb
I,=1 (eVT —1) where: I, = gAn;

* Inside the expression of I the terms n, and p also depends on
temperature:

_EG _EG

ux T n: = NCNVeﬁ = ACAVT3eﬁ

* N, and N_are respectively the effective density of energy states in
valence band and conduction band

N.=AT" and N,=AT"
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Effect of Temperature on I/V curves

* |f for simplicity we ignore the weak temperature dependence of the effective
mass density of the conduction band electrons (m_*) and the valence band
holes (mp*) the values of A and A, are about constant (sources: Pierret p. 51):

~Eg
n'=A.ATeX with:

3/2

A.=2 zmn; ~6.2x10% cm? K
JU
ey 13/2
A, =2 2mph2 ~3.52x10%cm K"
JU

Hd

—

_EG
2 _ 3 KT
n;=A:A,xT"e

g
-E -E

G
3/2 3/2
n. =\ A:A, xT " e*" = BxT""e**"

 k=Boltzmann’s constant = 8.62x10 eV/K = 1.38x10723 Joule/K
 h=Reduced Planck’s constant = 1.055x10734 Joule-sec

« m, =118 xm,
* m,=0.81xm,

* mg=electron rest mass = 9.11x10731Kg
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Effect of Temperature on I/V curves

_EG

* Therefore=: n.=BxT"?e*" withB=5x10" cm™ K"

e |f for simplicity we ignore the weak temperature dependence of the band
gap energy:
473%x107* xT*

Eg=Egy-——————= 1.16 — 3x1073x T

where E, is the band gap energy at OK (E;,=1.17 eV) and the
temperature T is expressed in K

* We can finally write I as follows:

~Eg -15 15 -Eg
I, = gAB T 7 k,, I~ "kT/q .\ K,,[ kT /q T
LN, LN,
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Effect of Temperature on I/V curves

* First pass:

~Eg 15 -15 -Eg
/- qAB2T3e7 K,,I kT /q s K, k'l q T o kT
LN, LN,

* the temperature dependence caused by the polynomial term is weak
compared to the one caused by the exponential term, so we will ignore it

“Eg “Eo
IS=g-T2'5-e"T =C-el
=

* Let’s get back to our objective:
given a fixed value of current |I; we want to find out the voltage variation
occurring AV, when there is a temperature variation AT occurring

_dv,
dT |e;,

1C

=const .
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Effect of Temperature

on I/V curves

) , _ And let’s keep in
e Let’s assume forward bias and flip the I/V eq.: mind a couple of
v v useful math rules:
v I, I, kT
I,=I|e" | = 2=¢" =V, ~V.In In duw) du du
I s 4 IS SVt
dx dx  dx
u i(lnu)=l@
dx u dx
d( v _ N-1
v, _d len(ID) =Eln(ID)+kT d (Inf,-In/;)= —x(x )_N .
dl  dT| g I q \I q dT
kY, de(”_lnC+ )~VD de( )~
qk_T g dT ,\ kT ) T dakT\
E___ constant E; and k are constants
T qT take them out of the

constant
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Effect of Temperature on I/V curves

TCEdVD gVD _EG/q
dT i T
0.5-1.12

Assuming V,=0.5V and T=300K: 7C= 0 2.1 mV/IK = 2.1 mV/degree

At room temperature, a diode’s forward voltage-drop has a thermal
coefficient of about -2mV per degree

Idiode T1 > To
/ / AV/AT = (V,=Vo)/(T,=T,)2 —2mV/degree

lp

Vdiode

If we know the diode voltage at some reference temperature T,we can
estimate the diode voltage at any other temperature T as follows:

V,(T)=V,(T,)-2mV/degreex (T -1,)=V,(T,)+TC x(T -T)
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Aside: second pass

If we want to consider also the temperature dependence caused by the
polynomial term, all we have to do is a little more work taking the derivative:

dVy _ d (KT (1) k(1) KT d gy gy
dr dr|q \I)| q \I) q dr N B
V kT d E IS=g-T2’5.eF
=L+ (lnID—lnC—lnT2'5+—G)s
T g dT kT \
_V, 25V, E,lq {7y L () g
T T T

The term V,/T results from the temperature dependence on V-. The negative
terms results from the temperature dependence of |, and does not depend

on the voltage across the diode

L 0.5-2.5x26x107 -1.12

Assuming Vp=0.5V and T=300K:  TC 00 = —2.3 mV/degree

dV,
dT

So for conservative design it is common to assume: TC= = —2.5 mV/degree

talarico@gonzaga.edu




Effect of Temperature on I/V curves

* In reverse bias we find out that the variation of I with T is about 14.6%
percent/degree:

Recalling: .
4 (1ny)=Ldu /\), C;LT(]MS)=L% s (InZ)

(1
dx u dx

-E
A lpfeo25 0 =i(lng+1nT2-5_EG)=2'5+E _25+EGq 25 Eglq
dr dT T kP T kg T TV,
]

S TTV

* Atroom temperature: 4 (2.5 1.12
dT

15.2
= + =].x—— | Al/degree
{300 300-26-10‘3) s X g HV/desree]

* | Since (1.152)>=2 we conclude that the saturation current approximately

doubles for every 5 degrees rise in temperature
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Effect of Temperature on I/V curves

* |nreverse bias:

Idiode

I(T)=1I,(T,)x 277"

T, >T,

Vdiode

* Although still quite small, real diodes exhibit reverse currents that are
much larger than I. A large part of the reverse current is due to leakage
effects. These leakage effects are proportional to the junction area A just
as I is.

* [ As a rule of thumb I, doubles for every 10 degree rise in temperature

IR (T) — IR (7-;)) x 2(T—TO)/10
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Different Models

V,=0.7V
lp Iy
—_— —_—

VV
o Dt o o > [I|—o
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Figure 5-23 Streetman

Vio

Ip

Vio o=1/8p
o—PH—|i|—w——0

ey,

(©)

approximations of junction diode characteristics: (a) the ideal diode; (b) ideal diode with an offset voltage; (c)
ideal diode with an offset voltage and a resistance to account for slope in the forward characteristic.




ldeal diode with voltage offset

Ip

/-

o
T— VD.on

I

Constant voltage model:

— the constant voltage is called cut-in
voltage, turn-on voltage, or threshold

voltage and is usually denoted as V; ,

"V,
‘k A P Vo orV,
Z v
D, . . .
= om * This model is based on the observation
1000 : — that a forward-conducting diode has a
| ~ . . .
— 1N4148 <~ voltage drop that varies in a relatively
g 100 y //’ narrow range (e.g. 0.6 to 0.8). We'll
5 l// —— 1NA148 assume V, = 0.7V
E Scattering Limit |
S / Forward
S 10 y :
© II continuous .
s 1/ current: * Below V, the current is very small (less
s IF = 300 mA .
S /) than 1% of the maximum rated value).
- [5/ —
o i Ta= 2[5°C —| for VF=0.7V, IF=3 mA for T>25°C =P, . =500-1.68x(T-25)[mW]
0O 04 08 12 16 20 T =T . +R.. xP
o J A BJA D
94 9170 V. - Forward Voltage (V) Thermal Characteristics
Fig. 2 - Forward Current vs. Forward Voltage |-—rrre 1;’“3’“‘“‘5‘“ SV:“”' Yolue Hot
Derate Above 25°C ° 1.68 mW/°C
Thermal Resistance, Junction to Ambient Air (Note 1) RoJA 300 °C/IW
Operating and Storage Temperature Range Ty, Tste -65to +175 °C




ldeal diode with voltage offset

source: Neamen
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* |/V characteristic of a theoretical diode .

Forward-bias part of the characteristics

with [;=10"14A = 10 fA with current plotted on a log scale

NOTE: real diodes exhibit reverse currents that are considerably larger than I (this is mainly due to

holes and electrons being generated within the space charge region). A typical value of reverse-bias
current maybe 1nA (still small and negligible in most cases)
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Is the model good enough ?

Should we worry about the fact that the diode has resistance ?

-1

1 v -1 Yo
_(I_S VI;) _ ISeVT -I;+1;, | |V

e
V, i

-1 Vp -
rdiode 3 dID = d IS eVT -1
dv,) —av, v,

I+, V;/lpis only a few Q

) V
Forward Region: 7, =—= %

I,>>1

Example:
ls= 10 fA =>Iy= lsexp(Vp/V;) = 10 1%exp(0.7/26m) = 4.9 mA => V,/I; = 26/4.9=5.3 Q

Vr =00 [Q]

I,+1; T

I,=-I

Reverse Region: 7, =
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ldeal Diode

source: Razavi
In

I, >0 V=0

/ $ “a short” (R=0) in forward bias
—
k / VD

Vp<01;=0,
“an open” (R=2<) in reverse bias

* In applications that involve voltages much greater than the diode voltage
drop (0.6V-0.8V) we may neglect the diode voltage drop altogether.
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Piecewise linear model

* This model is useful when there is a small varying signal superimposed to
the biasing voltage

* Let’s say we want to forward bias a diode so that it operates at a given
value of I, we need to find the corresponding V, (Q = operating point =

(Io,Vp)

R IL;, VDD _VD

Iy=—"—2 <) =—2-— KVL = topological eq.
i R R R
VDD Vl) VD
. I, = ISeVT constitutive eq. of device
iA
Voo This is the eq, of a line
R Diode characteristic (I vs. Vp) with slope -1/R
Q

(operating point)

Load line
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NOTE: In(x) =a - Log(x) » In(e) =1=a-Log(e) =a-0.43 - a = 2.3

Piecewise linear model

Example
We have Vyp=5V and the diode at V,=0.7V has a current of Iy;=1mA. We want I, = 4.3mA.

Let’s assume V = 0.7V (and iterate until we find the right value corresponding to I,)

ik

VDD

Load line

R Diode characteristic R J D
+ V,,-V, 5-0.7
o v v R = DD D = 4 3 - 1 KQ
(operating point) DD D I m
D .
hFr————————— L™ =
1

" . A voltage increase of 60 mV corresponds to a 10 x current increase

43m
1m

Vo =Vyo =23V, x Log(i) =V, =V, +60mV x Log(i) =0.7+60mV x Log(

DO DO

)z 0.738V (iteration 1)

V=V, 5-0738

7 4.262m
R 1K

43m

D2

—4262mA  V,, =V, +60mV x Log(lﬂ) ~0.738+60mV x Log =0.738V (iteration 2)

D1

No further iterations are necessary. The circuit used gives 1;,24.262mA and V=0.738V
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Piecewise linear model

> ) We have a signal superimposed to the bias voltage V.
vp=V,+v,=v,=v, -V, =AV, =v, =V +AV,

Tangent at Q
/Slope =rl, @
‘ Yp Vp+AVp Vp AVp AVp
iq (1) . |4 v, ViV, |%
Bla%pomt y lDEISeT=ISe T =IS€ Te ' =ID€ T
I | #5( /Y $
ll ; If the max excursion of the signal is small (that is AV/V;<<1):
- __
N AVp * 2 3
| v AV, x° x
| ', zD=IDeVT =~[, 1+ D) ex=1+x+—'+—'+
: | V. 2! 3!
|
) v, A‘YD <<1 for x<<1: e' =1+x
0 V,o i o r

=gd =id
(1) i, =1, VD=ID+gdAVD=ID

we find out that the response of the diode is about linear and
it make sense to approximate the diode characteristic with
the tangent line at Q:

Ip+ Al
—_—

o s A
_:__4__\4_]z<4F

D ¥ V,+AV,
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Piecewise linear model

Equation of line
given two points: m slope: g,
y—y0=m(x—x0) A ) LJ-

1= Yo — & lp

x-x, Ax

slope=Al/AV

Q=(ID'VD)

7
i =IS(eVT —l)zID+gd(vD—VD)=ID (vp,=Vp)
ID
84 =7=>VT =VD_Vy0 =>Vyo =Vp-V,

T

N

* How small is a small signal ?

. e =1+x
alternatively:
vV The error of the approx. should
y=mx+n=i,~-L2_1 be <10%
r, r
@ Error=e¢"-1-x<0.1
Y(X)=0=mx+n=n=-mx Solving numerically we se that for
x £ 0.4 the erroris <0.09
AV,

<04=AV,<26mV x04=104mV

T
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Diode Circuits

* ... Finally let’s start building some circuit

* Applications:
— Rectifiers
— Limiting Circuits (a.k.a. Clippers)
— Level Shifters (a.k.a. Clampers)
— Detectors
— Voltage doublers
— Regulators
— Switches
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