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Pn Junction in Equilibrium P

Pn Junction consists of p-type and n-type material in contact with each
other.

Thermal equilibrium means that there are no inputs — no voltage, no extra
heat, no light.

When n and p-type material come into contact, electrons diffuse from n-
type to type and vice versa (ie majority carriers cross junction).

Once the majority carriers have crossed the junction, they become minority
carriers, and have a limited lifetime.

Dopant atoms are fixed and cannot diffuse.
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. . .y . - SITYor
Pn Junction in Equilibrium P

« Space-Charge Region (or depletion region)
— Movement of holes in p-type region (and electrons in n-type region ) across junction leaves behind ionized
dopant atoms.

— Previously, the charge on these dopant atoms was not considered since the material was electrically
neutral and the fixed dopant atoms do not contribute to current.

— Inapnjunction, these ionised donor cores set up an electric field near the interface between n and p-type
material.

— This region is called the space charge region (SCR) or the depletion region (since it depleted of carriers).
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. . .y . - SITYor
Pn Junction in Equilibrium P

e  Drift Current

— The electric field is in such a direction so as to sweep holes in the n-type material across to the p-type
material and vice versa.

— The electric field will sweep minority carriers in either n-type or p-type material across to the other side of
the junction where they will be majority carriers.

— Normally, unless the minority carrier concentration is increased in some fashion, this current remains very
small.

— Minority carrier concentration can be increased due to increased temperature, optical generation, or
injection of carriers.

— Under equilibrium conditions, the net current is 0. The diffusion current equals the drift current for both
electron and holes currents.
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SITYor

Band Diagrams in Equilibrium =P

The Fermi-level in the entire system

. P-Type N-Type
under thermal equilibrium must be region reglon
constant. For a system in equilibrium

the average energy must be constant’ A //// 7///// %/%EC

and so the Fermi-level mustbe L ___ Ec

Well away from the junction, bulk

conditions dominate such that the

Fermi level is at its bulk value. ////?/////////////% //////////////////////%EV

At the junction, the slope in the band
diagram indicated the presence of the

E, = KT In(Ng /Np)

electric feils Transition
00 N-Type
RN region
Eq = kT In(Ny /N,) \_\\;21) %// We.
——————————————————————————————————————— Er
///47///// /AN _ f
P-Type \_~ E, = KT In(Ng /Np)
region

Y A
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Built-in Voltage

The electric field across the
interface of a pn junction gives
rise to a voltage across the
interface, called the built-in
voltage, V,.

The built-in voltage cannot be
measured by externally

connecting probes to the device.

V, is due to the difference
between the Fermi levels of the
joined materials, and can be
calculated from this.

' [ﬁs]]:}jEARSITYO}

q¥, =E, —E, —E,

:Eg — kT In N—j len(N j
N A Np

e, - M)

NANp
using
—E
n> = NN, exp( %T)
gives
q¥, = len(N 2N j len(NCNVj
n; aNp
P, = KT ln(NAzNDj
q n;
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Carrier Concentration In Wsm

o _ WARE
Equilibrium
*  The difference between the Fermi-level and the N-Type Transition
conduction band (valence band) gives the ) region region
, Z P-Type
electron (hole) concentration. ~ regli’gn
. From the band diagram, we can sketch the ) N ;‘%
carrier concentration. AE,| ~< Ec
. Outside of the depletion region, carriers retain ~~ ——~-—~- -~ -~~~ ——-—- - - - - - -~ - --—------———-—--—- Ee
their equilibrium values. 7"~ AEp
. Since the built-in voltage depends on the \
difference between the doping on either side of N E,
the junction, the carrier concentrations are Z
related to each other by the built-in voltage Y
Tranettion

n=n, =Ny

n}

Pro = Ppo exp(q\%T) =Na exp(q%T) Np
Vir)

Nyo =Ny exp(q\%-r) = Np exp(q y

In(n) , In(p)

n;
N A

P =Puo ~n2 /N,

=n.. ~n2
n=n, =nS /Ny

\

Distance, x
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Depletion Region Properties

- SITYor
WWARE

. The depletion region consists of aregion of fixed charge corresponding to the ionized dopant atoms cores that

“lost” their electrons or holes due to the diffusion current.

. The depletion region tails off exponentially away from the junction edge.
. Assuming that the depletion region is zero a certain distance away from the junction edge (called the depletion

region width) greatly simplified analysis.
. Above assumption is called depletion region approximation: The depletion approximation assumes that the

electric field is confined to a
finite region.

. For constant doping it
approximates the charge density
as constant in the transition region
and zero everywhere else.

. The amount of charge on the
two sides of the depletion region
must be equal.

charge density, p

dep eltion
re gion

Area s m
be eql

-

dis tanc e, x
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Depletion Region Width

The width of the depletion region can be calculated by

integrating the charge density in the depletion region to
get the electric field, and then integrating again to get an
expression for the built-on voltage, whose value we
already know from the difference in the Fermi levels.

-

~

&g

Np

&g

when x, <x<0

when 0 < X < X,

NAXp - NDXn

Integrating twice and setting this equal to the built in
voltage, V,, allows us to find the maximum value of the

electric field

Eoax = —

29

max 1
“ (s
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Depletion Region Width

The depletion region width is given by:

W=X,+X, =
N
Xp =W_—0L2—
N+ Np

The maximum electric field increases as the doping
increases and is controlled by the doping of the more

lightly doped side

The depletion region width is also controlled by the more

lightly doped side.

2y,

(v )

and X, =W

N A

No+Np

-~ SITYoF
WWARE

aNp

[o R

¢l
n

o |o

\
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. . . 0 SITYor
Pn junction under bias = Py

Forward bias corresponds to applying a voltage which REDUCES the electric field at the interface. Reverse
bias INCREASES the electric field at the interface.

The application of voltage disturbs the equilibrium between the diffusion current and drift current.
Reducing the electric field (ie, forward bias) reduces the barrier to diffusion current, thereby allowing an
increased diffusion current flow.

The drift current stays the

same, and a net current

exists in the device.

In reverse bias the barrier e
to diffusion current is O¢ diffusion ©
increased, reducing the Q€ O
diffusion current while (] | (s s > O
the drift current drift 0 o
remains the same. o )
Again a (very small!) [+ o
net current exists. Norj-radiative oo
T recombination A © ° o O
! Y
o © @ © o
o O 0 o
© g © rif
o o o{ armt o o
0 >0

diffusion
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. . . SITYor
Pn junction under bias = )AL

. Summary of currents and band diagrams.

. The applied voltage on the band diagram is indicated by the difference between the Fermi-levels (quasi-
Fermi levels)

Depletion

Depletion Depletion region
" region

, region aqy —\é
0

v, Ec
///////////////// —i __
V,

mm\m

Curmrent Flow Current Flow Current Flow
e-Giff. < e-diff. < e-diff. <
e-drift - e-drift o o-crift =
hde dif. == hde dif. ======2p» hde dif. =
hde drit <=~ hde drit <-- hde drit <€==
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Depletion width under bias Dl

. The application of an applied voltage changes the built-in voltage at the interface. Assuming that the
applied voltage is all dropped across the depletion region, the above equations are just modified by ¥,
changing to ¥, - Va where Vais the applied voltage.

. The equations then become:

s 26y, -V
R EICETS

with the other variables as defined before.

. Forward bias reduces the depletion region width, reverse bias increases it.

W =X, +X, = 2¢ Yo ~Va
1 1
G (i, + )
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Carrier injection in forward

- SITYor
[ﬁﬁ’ﬁRWARE

_____bias

. The application of forward bias to a pn junction increases the number of carriers that diffuse from one side

of the junction to the other.

. This causes the number of minority carriers to increase from its equilibrium value at the depletion region
edge, with the number of excess carriers depending on the applied bias.

. The “injection” of excess
minority carriers at the edge
of the depletion region due
to forward bias is called
carrier injection.

. With no generation, the number
of carriers decreases farther
away from the junction as the
minority carriers recombine.

. More than a few diffusion lengths
away from the junction, the
carrier concentrations are back to
equilibrium values.

In(n) , In(p)

/

Carrier concenrtations | , ‘\
with no applifed bias —%‘ Priod——— -

I

|
a b
Distance, x
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. .. . . . - SITYor
Carrier injection In forward bias WWARE

o The number of minority carriers at the edges of the depletion region can be calculated assuming that
A dp

o Such an assumption is valid since at positive biases, both the drift and diffusion terms are large and opposing in the depletion
region, such that their magnitude is large compared to the total cT(r[Ient. This then gives:

~ kT 1dn integrating v,—V,=——Inn i:
ST an ;

_ KT In N

g \ng

o Using charge neutrality at the edge of the depletion region we get:

o Combining egns gives:

rlnb = |\ID + pnb ~ nnO = npo eXp(qW%T) npa - nnb eXp(_quT)eXp(qv%T)

Npa = Npg exp(qv%-r) = :I—iCXp(qV%T) and
Prb = Pro eXP(qV%T] = I:—iexp(qv%.r)
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. . . " SITYor
IV equation of a pn junction = )AL

e We solve the 4 basic equation sets to find the current in a pn junction.

*Summarising Basic Device Equations:
*Poisson’s Equation:

dE P_Aq + -
—====(p-n+Nj5—-N
dx ¢ 6‘(p x A)
*Transport equations: The following simplifications will be made:
A dn 1) 1 dimensional device
J,=qu,nE+09D, — 2) Thermal Equilibrium
ddX 3) Steady-state
_ 2 P 4) Depletion approximation
‘]p - qzuppE _qu&
«Continuity Equation:
dJ
1990 _
g oo
dJ
1P _
Tag P
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. . . - SITYor
IV equation of a pn junction = )AL

e Several further assumptions can be made to simplify the above equations.

1. |If solving for current only in quasi-neutral region (ie., everywhere but depletion region), the charge density is
zero, as is the electric field.

2. Assumption (1) also implies that minority carrier current will be controlled by diffusion.
3. No light generation, Gn=Gp =0
4. Recombination is SRH
5. Low level injection
dn(x’ o : :
Jn = 0D, () = minority carrier current on p - side
dp(x)

Jp =—-0D, “dx = minority carrier current on n - side
X

where n(x’) is the electron concentration in the p-type side and

p(x) is the hole concentration in the n-type side.
Since the current will be calculated independently on each side of the junction, we introduce a
change in variable such the x’ is the distance from the junction into the p-doped side and x is the
distance from the junction into the n-doped side

-
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. . . - SITYor
IV equation of a pn junction = )AL

From the continuity equation we get:
ddx’ 7, Th

¥ Ap _ ()~ Pno
9 dx T, T,

Combing the transport and continuity we get:

5 d*n(x) _ N(X)— Ny,
" dx? T

and

n

Using

L, =yDnzq and L, = /Dy7)

2 2
d A2n=A2 and d Azp:Ap
dx L dx

5 47P09 _ pOO— Py

An= Ae'tn 4 Be

- o gt
The general solution to the Ap — Ae/"" £+ Be /'r
Lp above equations are:

where A and B are constants
determined by the boundary
conditions
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. . . - SITYor
IV equation of a pn junction = )AL

o For the case of a pn junction in which the surfaces are far away

2
(1) Boundary condition of pn junction (x=0)  n(0) = n_iexp(qVV )
Np KT

(2) Boundary at “surface”: Carrier concentration must be finite as x—w (ie A =0)

° Notes:
e For most devices, at least one side of the material will have a boundary condition as in (1).
. If the material does not contain a on junction, both boundary conditions will be “surface” boundary conditions.

e The boundary condition at the surface may be a boundary condition on the carrier concentration, on the generation, or on the
current.

o For the above boundary conditions we get:

Np(X)=Npo + “po[exp(q%T) = l}e_%n
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. . . - SITYor
IV equation of a pn junction = )AL

. The excess carrier concentration decays away exponentially. The factor controlling the decay is the lifetime of the minority carriers.

. Since we are assuming charge neutrality outside the depletion region, then an increase in the minority carrier concentration means a
corresponding increase in the majority carrier concentration. However, the majority carrier concentration is much higher than the minority
carrier concentration and so does not change much as long as the device is in low injection.

. The current will depend on the of the minority carrier concentration., and so on the lifetime of the minority carriers.
Carrier concentration Carrier concentration
on log scale on linear scale

4 | | small change in

p )"I/T—_ majority carrier
_______ | concentration

n

calculated

minority carrier
concentration

In(n), In(p)

\
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. . . - SITYor
IV equation of a pn junction = )AL

. Minority Carrier Current Flow
— The currents can be calculated from the gradient of the carrier concentration.

— Note: the current that will be calculated are due to minority carriers only! We deal with majority carriers later and also check the
validity of the assumption that the current flow is due to minority carriers.

. On n-type doped side of junction

*Similarly for the p-type side:

J, =—q %[exp(qv kT) - l}e_%Lp

p

Y \ | | :

Jp =-4Dy o B | | |
dx s I I i

- vos: | B o s

and plugging in p(x) from above gives: 53323 | | h-type i
5 i i

Lo | |

D.n ' O | |

_ 4 —n''p0 \Y M | I

J D= qL—n|:CXp(q 41-) — 1:|e i I i
i ke i
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. . . " SITYor
IV equation of a pn junction = )AL

. Current Flow in Depletion Region

— The current in the depletion region is difficult to calculate exactly since the electric field cannot
be assumed to go to zero.

— However, the recombination in the depletion region is usually assumed to be zero since the
depletion width is generally much less than the diffusion length of minority carriers and the
carriers are swept through the depletion region by the electric field.

— In non-idealities, we will derive an approximation for the recombination in the depletion region.
— If no recombination or generation:

dJ
1=N -G, -U,=0 therfore J, = constant
4 dx
dJ
_177P G, -U, =0 therfore J, = constant
9 dx
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IV equation of a pn junction PPk

Total Current

— The previous currents calculated are the minority carrier currents and the currents in the
depletion region. The majority carrier current is difficult to calculate explicitly, but can, like the
depletion region current, be easily calculated based on the minority carrier current. .

— The total current on either side of the junction must be constant since otherwise a net charge
density would gradually build up over time.

— Mathematically on one side of the junction .

dJ
gdx qgdx g dx

Jiotal = In (X" =0) + ‘Jp(x =0)

D, D, qv
= qL_n o+ pol kT_l]
L n p

Current Density, J

2
Dnni2+ Dy qukT
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. . . " SITYor
IV equation of a pn junction = )AL

Ideal Diode Equation
V
| = |0[eXP(q 4T) - 1] where |, is

Any forward bias current flow in a pn junction is a
recombination current. If there is no recombination,
there is no steady-state current flow.

Forward bias current depends on how many carriers
there are near the edge of the depletion region. The
background minority carrier concentration,
recombination and diffusivity all determine this
carrier concentration.

Increasing the recombination rate or increasing the
diffusivity (mobility) increases the forward bias
current.

more heavily doped side will dominate the current
flow.

Higher band gap pn junction give lower forward bias
currents.

Current

forward bias

-

—_——
reverse bias

Voltage
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. SITYor
Reverse Breakdown = PRk

Reverse bias increases the electric field at the junction and increases the depletion width.
The increased electric field increases the barrier to the diffusion current, hence reducing it.

Drift current remains unchanged, as it is controlled by the number of carriers crossing the junction, not
their speed.
The reverse current increases slightly since the W increases, and hence the

and hence the number of carriers thermally generated
in the depletion region increases, hence the number

swept across by the electric field increased. A

Current .
forward bias

reverse biased
but not in breakdown

© drift Ver |
ri
° ° o , © | pRo | .
no or small 4 Voltage
( diffusion current ( T
thermal o
- (&) . .
° generation large power dissipation

+—— in breakdown region
© o 0 00

e ¢ ¢ © ¢ \N\Vv

© ©00 o ¥~ non-destructive if power
@ 0 © it dissipation controlled
© °° device overheats

© o ©
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Non-idealities

Series Resistance
*

with this voltage drop is negligible compared to the junction.

As current densities increase, the voltage at the contacts
becomes less than the voltage at the junction itself This

log(l)

decreases the current compared to the case without series

resistance.
*  Diode equation becomes:

| = Io{exp(q(v ) 'RS%T) - 1}

Often plot IV curve
on log plots, since
ideal diode equation
will be straight line,

p-type n-type and hence non-
idealities easy to
detect as deviations
from line.
—vwW—vwW— Pl VAL AA—
Rcont. Remit. Rpbulk Rcont.

- ERSITY or
WWARE

Majority carrier currents flow in device due to Electric Field, but usually the voltage drop associated

ideal
\ /’/
»/
/
/ AV=IRg
Voltage, V
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High Injection = lpyiiiAl

. High injection in a “non-ideality” in that high injection effects are not included in the ideal diode
equation
. High injection refers to the condition when the minority carrier concentration begins to be equal to the
majority carrier concentration (ie doping)
. Under forward bias in a pn junction, the number of Due to the exponential increase of injected minority
carrier concentrations with the forward bias voltage, they will eventually approach the doping..
. High injection will occur first on the more lightly doped side.
. Since the derivation of the ideal diode equation assumes low injection, high injection represents a
breakdown of the previous theory.
. High injection occurs when injected carriers = doping:
ni2 gV, where p,, carrier F:oncen_tration on the n-type
Pnp = N—CXP T =Np side of the depletion region, and V,; is the
D voltage for the onset of high injection
V. - 2kT ln( N Dj
q n;
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High Injection = lpyiiiAl

. High injection effects modify the current flow in a pn junction and change the IV curve.
. The recombination mechanisms no longer are controlled solely by the minority carrier concentration
expressed by (An/t)
. The current changes to a form:
| =g exp(q\V ) t
2KT log(l) / ac{ual

* In devices with other recombination mechanisms, a
general form of the IV curve is:

| = Io[exp(q\%kT) - 1]

* The term n is the diode ideality factor and is related to
the number of carriers that control the recombination

* For high injection, when both minority and majority
carriers are significant, its value is 2.

>
Vhi Voltage, V
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Depletion Region o R
: hinat

. Previously recombination in the space charge region has been neglected. However, this
type of recombination actually dominates at low currents.
. The general expression for recombination is:

(o)

. In the quasthe ing n = ND and ni2=n0p0, the above equation
reduces to z-p(n+n1 +rn(p+ P
. In depletion region, can’t assyme that
U (Nop=n/] (P Puo)
(7,Np +smaller temrs) 7,

np = n? but instead np = n? exp(qv kT)
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Depletlon_ Reglon Y

_Recombination

. Recombination rate then becomes:

”iz(eXP(qV a)- 1)

w(fesr'é*tﬁe @e"frﬁlé‘wﬁﬁnrl?i)and p, are small and can be ignored.

. Plotting the recombination rate (for a given voltage ) across the depletion region (ie., n
and p vary) shows
that the recombination peaks near
the center of the depletion region.

. U occurs when the denominator

max

U

| I
I I
is a minimum. The denominator is 3, ' U
_ _ o | | Umax
a minimum when: -.é ! |
|
< | |
® | :
£ | !
Q | |
£ l |
d( nN+r7 ) 2 § !
Tp nP L P (Q\Vj g | depeltion
dn PO 2 7o PUT /KT | region !
| | >
distance, x
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WARE

Depletion Region o R
: hinat

. The current then becomes:
2
I=1_exp qV I _ QAW
rec 2kT rec ¥~ where
27,
rot=2 /TnOTpO in forward bias and N
— /
SRH
1 in reverse bias o9 recomb. 7
— 1 . high current
Tet 2 (TnO T pO) Depletion dominates effects
recomb.
A | | J total dominates
| | —
| | -
- " q
. | | - 2kT
2 | | - e %
2 | |
[]
a | |
pre) |~ /
g ,
3 7 g
/ Vv Voltage, V
/ eq/('r
/
—
/
/
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