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Operating Principles of pin Diodes
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SUMMARY

Analytical models of the pin diode in a small-current
operation are not known yet. This article presents a simple
analytical model of the pin diode operation with its confir-
mation by a numerical simulation. At the onset, carrier
recombinations are not included for the sake of simplicity.
The exact Jr — Vi characteristic [Jr o< exp(Vg/kT)] could
have been induced only by accounting for the Boltzmann
distribution of each carrier across the junctions and the
diffusion current of each minority carrier in a p-anode or
n-cathode. Based on this new model, the modifications of
hole—electron densities product (n.n;,) across junctions, a
rough estimation of the large operational current, its carrier
distributions, and the effect of carrier recombination on the
carrier distribution are plainly estimated and are also com-
pared with the simulation results. © 2009 Wiley Peri-
odicals, Inc. Electr Eng Jpn, 167(4): 47-56, 2009;
Published online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/eej.20844
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1. Introduction

Equation (1) is known as the small-current operation
equation for a pn diode [1]. Here, the diffusion lengths
(Ly, L,) are dependent on the lifetime (1) (L = \Dt ). How-
ever, in the simplest diode, a state in which carrier recom-
bination (T = e) can be considered. As a result, Eq. (1) is
not appropriate as a basic equation for diode operation.
Because Eq. (1) does not include the cathode n region
concentration as a parameter, it is not applicable to a pin
diode. (D, and D, are the diffusion coefficients; N and
N, represent the concentration of impurities in the n, p
region).
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Several models for the large-current operation in a
pin diode have been proposed, but almost no simple models
of small-current operation are known [2]. There are very
few specific analytical examples [3]. In this paper the author
provides a basic analytical equation for when there is no
recombination in the most basic structure. Then the ap-
proximate current values for large-current operation and the
internal carrier distribution are clearly explained based on
this. The author confirms the validity of this work through
device simulations.

J=Jh+Je=qni2(

2. The Simplest pin Diode

The pin (pnn) diode considered here is a simplifica-
tion where impurities of the p region, i(n") region, and n
region are constant (N, Nj, N,,), and the thickness (2, t,,) of
the p region and n region is 10 um or less. The carrier
recombination mechanism is not included (T = o).

Figures 1 and 2 show typical examples of the distri-
bution of the free electron density (#,) and the hole electron
density (n,,) in the on state. The densities (n,, n;,) for the free
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Fig. 1. Carrier distribution and voltage sharing of pin

diode.
© 2009 Wiley Periodicals, Inc.



uoneUSIUOD JaLIBD)

uoljesjuaduo) tauied

Fig. 2.

(a) Cathode side distribution. (b) Anode side
distribution.

electrons and hole electrons at the boundaries at the two
connections are (n,,, 1;,) in the n region, (n.g, n,x) on the
cathode side of the i region, (11,4, 1;,4) on the anode side of
the i region, and (#,,, n,,) on the p side. The orientation of
the coordinate system (x axis) is along the flow of current.

3. Analysis of the Small-Current Operation

A difference in density in the carrier (free electrons
and holes) occurs based on the concentration of impurities
inthe n*n~ connection and the n™p connection in a pin diode.
For this reason, a carrier (free electrons) in the n region, for
instance, where the concentration is higher diffuses to the
n~ region where the concentration is lower. Positive ions
remain after the free electrons have moved (Fig. 3). Then,
an electric field occurs in the direction of the shift of free
electrons between these + ions and the free electrons after
their move. When a voltage is not applied externally, the
region where this positive or negative electric charge is
found expands until the speed of movement of the “free
electrons” due to the generated electric field is equal to the
speed of diffusion due to the difference in concentration.

As a result, in a balanced state, the state does not
change at all even if the carrier in both regions is replaced.

In this state, both regions are in thermal equilibrium.
A difference in only the integral value of the electric field
based on the difference in density of the carrier present in
the coupling occurs between the majority of the n* region
separated by the coupling and the static potential (below
abbreviated as potential) in the majority of the n™ region. A
potential difference then occurs even in the connection
boundary with the electrodes for the n* region and the n~
region. If the electrode metals are the same, then the (con-
tact) potential difference for both connections is different
only by the potential difference occurring at the n*— n~
boundary. As a result, ultimately the potential on the elec-
trode surfaces on both sides is equal. The potential differ-
ence created by the difference in the concentration of
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Fig. 3. Electric field and electrostatic potential (V,-,+) at
n*n” junction.

impurities (or the difference in semiconductor materials) in
the semiconductor does not appear outside, and so is re-
ferred to as “built-in potential.” Below, the built-in potential
at the nn~ connection and the n"p connection will be repre-
sented as V-, and V.

As can be seen in Fig. 3, the internal potential in the
n”region is lower than the internal potential in the n* region
(V}—, < 0). Moreover, as can be seen in Fig. 4, the internal
potential in the p region at the np junction is lower than the
potential in the n region (V,,, < 0). For the np junction, the
electric field occurs between the positive ions and the
negative ions in each region n and p. Ultimately, it is clear
that the internal potential is greater in a region with a higher
concentration of free electrons.

If the forward voltage (V) is added to the pin diode
from outside, then the electric potential is distributed to the
nn~ junction (V}), the n™ region (V,), and the n p junction
(V,),ascanbe seen in Fig. 1 (Vy=V,+ V;+V,). V,and V,
boost the original built-in potential (V,-, and V,,-). The
potential difference at the nn™ junction is V-, + V,, and at
the n"p junction is V- + V,~, and V- are negative values,

pn—
and so the absolute values for either are smaller.
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Fig. 4. Electric field and electrostatic potential (V,,) at
np junction.



=1
~ ©
>

piei4 oue|3 ©

V>0 ,‘_ |
V=0 /L

Fig. 5. Electric field distributions on forward operation
(x-axis is oriented to the currents as shown in Fig. 1).

If a forward voltage (V}) is applied, then the balanced
state of movement due to the electric field present between
the junctions and of movement due to the difference in the
concentration changes. At the n™p junction, the holes in-
crease in number in the n~ region after shifting from the p
region (n?/N; — ny,), and a new balanced state is reached
where the shift due to the difference in the concentration is
dominant [Fig. 2(b)]. The density of free electrons and
holes in the #n™ region is a value that satisfies the charge
neutral condition (n,4 = ny4 + N;). The shift due to the dif-
ference in the concentration is also dominant for the free
electrons, and the density of free electrons on the left edge
of the p region increases (n,-2/Np — n,,). The density of free
electrons is the original value for the p region (n,z/Np =()
at the junction for the anode electrode,” and as a result,
current proportional to the density slope (n,,/1,) where the
density difference (n,,) is divided by the width (z,) of the p
region flows, which is to say that the diffusion current (J,)
is generated [Eq. (2)]. Even for the nn™ junction, if the holes
are considered instead of the free electrons and the shift
direction is reversed, then the state is equivalent [Fig. 2(a)].
In the n region, the diffusion current for the hole electrons
flows [Eq. (3)].

In a state without carrier recombination, the electron
current (J,) and the hole current (J},) are each constant in all
regions in the diode:

dn, Nep
Jo = qDep—— = pepkT —
» = ql¢ dx Hep ) 2
Iy = —qD ™ — e =
h = =4 dx = "Hhn ) 3)

On the other hand, if an arbitrary ideal particle is
present in the two regions in contact, the density of ideal
particles in region a and region b are N, and N, and the
energy in region a based on region b sensed by the ideal
particles is AE,;,, then the Boltzmann distribution shown in
Eq. (4) for a state based on thermal equilibrium can be
expected to hold*:

*Simulator definition of an ohmic junction.

"The relational equation [D = (kT/q)u] by Einstein is used to change the
formula. Also, the x axis is in the direction of the current.

“In Section 4, the validity is argued and confirmed through simulations.
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For instance, when an external potential (V) is not
applied, the ratio [Np/(n,-z/N ] of the positive electron den-
sity in the n”p junction and the potential difference (V,,-)
is represented by the relationship in Eq. (5), and the ratio
(N,/N)) of the free electron density in the nn~ junction and
the potential difference (V,-,) is represented by the relation-
ship in Eq. (6):

_qvprr _ Np (5)
exp( kT ) - l’l,‘2/N1
ex (qvn‘n) _ NI
PU%r )™ W, ©)

Moreover, the relationship in Eq. (7) exists between
the potential difference (V,,,- + V,) across the n"p junction
shown in Fig. 2(b), the ratio of the hole electron density
(npa/nyp), and the ratio of the free electron density
(1,4/1,p). In the same fashion, the relationship in Eq. (8)
exists between the potential difference (V,-, + V) across
the nn” junction, the ratio (n,g/ny,) of the electron hole
density, and the ratio of the free electron density (n,x/n,,).

—q(V,- +V, .
exp 29V + Vo) | _nea _ p 0
kT Hep Npa
exp =q(Vp-n + Vi) - hg _ Nen (8)
kT Ny Neg

exp [q(V, + V})/kT] can be altered into Eq. (9), but
Egs. (10) and (11) can also be combined and represented as
Eq. (12). Combining Egs. (9) and (12), and then taking the
square root results in Eq. (13):

q(Vp~+Va) q(V,-, Vi)
exp[q(vawk) _exp[ £ fexp (L)
kT - 4V @V
exp( k"T )exp( i )
B _Ilﬁ’_ N Np & _ Neplpn NpNn
Nea Mk 02 /Ny Ni % Reanpk
)

=4V~ N,
V, CXpP\ % =N n
exp(q a)= ( kT ) _ nZ/N __Tha

- (Vm’ Va) iy ~ 2 (10)
kT exp[*q l,<T+ ] iz n? /Ny
AL Na
exp(q_‘{i)_ exP( qkT ) _ FI ~ nek (11)
kT exp [‘Q(Vlg}n‘*vk)] ﬁ‘_:i. N;
q(Va+Vi) | npanex
exp x
kT n,‘z
~ (neA"NI)(znhK"'N]) ~ neA":hK (12)
n; n;=
exp [Q(V"W") o Nt Ty (13)
kT | n?2




The following relational equations are used for these
calculations [refer to Figs. 2(a) and 2(b)]. The equal sign in
Egs. (14) and (16) refers to the charge neutral condition in
the p region and n region. The charge neutral condition
almost holds in the n™ region as well [Egs. (15) and (17)].

nyp = Np +npp ® N, (14)
Npa ~ Nepa — Ny (15)
Nen = Ny + Ny = N, (16)
Nex ~ npg + Nj (17)

If n,, and ny, resulting from Egs. (2) and (3) are
substituted into Eq. (13), then Eq. (18) results:

exp{LI(Va"’Vk) " Je[p Jhtn VNpNn (18)
uekT \ unkT  n?

If we take the density of the free electrons and the
holes in the n~ region as equivalent (n, = n;,), then the ratio
(J./J3) of the current density of the two can be approxi-
mated by the ratio (,;/ L) of the mobility [Eq. (19)]. If the
ratio (K,,/Wy,) of the mobility (L,,) of the free electrons in
the p region and the mobility (,,) of the hole electrons in
the n region is approximately equal to the ratio (W.;/ ),
then Eq. (20) showing the current density (J,) for the holes
results. Equation (21), which combines this with the elec-
tron current density (J,), represents the total current (J). As
a result, a relationship in which the total current (J) is
proportional to the exponential function for the sum
(V, + V}) of the external potentials that the n"p junction and
the nn~ junction bear results.

M(u) I (19)
HMhI
anizﬂhn q(Vﬂ + Vk)
Jn = ex 20
" NNt PITaT .
kT i2 ntUe
T gyt g, K W Hhey) ["(V”V") @1
VN Notot kT

Equation (21) can be derived by the following sim-
plifications.

(1) The net charge in the i region is almost zero
(n,=n, +Nj).

(2) There is no recombination between the holes and
the free electrons (the electron current and the hole electron
current are constant in all regions).

(3) The approximation J,/J, = \,;/L;; can be used,
and the dependence on the impurity concentration in the
mobility (W) is ignored (uep/uhn = Wt/ Mpp)-

(4) The increase in the majority carriers in the n
region and the p region is ignored (n,, = Ny, 0y, = N,,).
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Because the voltage drop (V,) in the i region can be
ignored in the small-current operation, V,+V, =
Vo— Va= V,, and the total current (J) can be represented
using an exponential function for the forward voltage (V;),
as shown in Eq. (22):

Vi
J x exp(%)

(22)

Moreover, if Eq. (21) is modified using the Einstein
relational equation [D = (kT/q)\], then Eq. (23), which
resembles Eq. (1) that represents the small-current opera-
tion in the pn diode, results. The thickness (z,, t,,) of the p
or n region corresponds to the diffusion length (L,, L;) in
Eq. (1). For instance, in an extreme case such as
N,=N,=Np=Nywheret,=t,=L,=L,,Eqgs.(23)and (1)
match.

2 (Dhn +Dep)
ex

(D: diffusion coefficient; N,, N,: concentration of impuri-
ties in the n and p regions).

V,+V,
J=Ip+J.~qn; p[q( k; k)] (23)

4. Validity of the Boltzmann Distribution
Approximation in the Small-Current Operation

In the calculations in the preceding section, we as-
sumed that the carrier follows the Boltzmann distribution
in Eq. (4) in a narrow region enclosing a junction (even in
a state in which current was flowing). In this section, a
procedure for calculations in a simulator is presumed. In
the simplest drift-diffusion transport model in a device
simulator, the following five equations are fundamental [4].
In the calculations, the Boltzmann distribution is clearly not
used in the form found in Eq. (4).

V(e ® Vy) = —q(ny — n. + Np — Na) (24)
—VelJ, =qR+q%n;'- (25)
Vel =gR+ qaa”: (26)
Jn = —qDyVny, — qupn, Vi 27
Je = qDVn, — quen.Vy (28)

y: electrostatic potential; ¢: elementary charge (1.6 x 107"
C); J;, J.: current density vector; R: speed of free electron
and hole electron recombination (function of n;, and n,);
D,,, D,: diffusion coefficients; W, |L.: drift mobility; ®: vec-
tor product. Equations (25) and (26) represent the carrier
continuity. The “drift-diffusion transport model” is repre-
sented in Egs. (27) and (28). The first element on the right
of these equations is the diffusion current component, and
the second element is the drift current component. (The
subscripts 4 and e represent the hole and free electron
components.)



However, in Egs. (27) and (28) in the transport model,
if the current density (J}, J,) is assumed to be zero, then the
Boltzmann distribution [Eq. (4)] appears. For instance, if J},
= 0 is assumed in Eq. (27), then Eq. (29) results. If the
Einstein relational equation [D;, = (kT/q)W,] is applied to
this,” and only the changes in the x direction are simplified,
then partial integration can be performed, and the hole
electron density (n;) can be derived as an exponential
function of the static potential () [Eq. (31)]. In the same
fashion, Eq. (32) can be obtained for the free electron
density (n,) (C is the integration constant). In other words,
in the “drift-diffusion transport model,” in the state in which
the net current density is zero (J = 0), the Einstein relational
equation and the Boltzmann distribution have the same
meaning.

Ldm g dy (29)
ny, dx Dy, dx
Ldm g dy (30)
ny dx kT dx

di’lh _ q

ny B kT d!/l
Inn, = ——q—l/I +C

kT
—q¥

ny = Cexp(TT—) 31)

_ qy
Ne = Cexp(k—T) (32)

However, Eq. (30) can be interpreted as Eq. (33). This
equation shows that the rate of spatial change (left side) of
the thermal kinetic energy (k7) due to the diffusion move-
ment per carrier particle and the rate of spatial change (right
side) for the Coulomb energy (qy) due to drift movement
are balanced. This state is natural when the magnitude of
the movement speed due to both movements in Eq. (29) is
equal in opposite directions. The Einstein relational equa-
tion is legitimate for an explanation based on the Boltzmann
transport equations found in Ref. 5, but based on the rough
explanation above, if J = 0, then the Boltzmann distribution
can be interpreted as also holding.

1 d(Tny) _ dqw)
np, dx dx (33)

Even when the balance between the diffusion current
and the drift current collapses and a net current equal to the
difference between the two is flowing, if the rate of the net
current is small, then both the Einstein relational equation

“In the device simulator, the mobility (1) can be set arbitrarily, but this is
not the case for the diffusion coefficient (D). As a result, the Einstein
relational equation should be used.
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Table 1. Maximum drift currents versus total currents at

anode
Jedrift Ih.drift
Jaip(max) | =35.7 kA/em? | 63.3kA/cm?
Jenets Jhnet -234 A/em? ~141 A/cm?
Jaripr(max)/ Jne: x153 x(—446)

and the Boltzmann distribution can be expected to be valid
approximately.’

Table 1 provides a comparison of the current density
(Jp, J,) for the holes and free electrons obtained in the
device simulator and the drift current component
(h.drif» Je.aripr) near the anode junction. The percentage of
the maximum value [J;s(max)] in the drift current with
respect to the net current density (J, or J;,) is approximately
150 to 400 times greater, including when near the cathode
junction. As a result, in an operating state at V =1V or
J, =400 A/ecm? for a 100-um pin diode, an approximation
in which “the net current density (J;,, J,) is effectively zero”
is deemed allowable.

The diode configuration employed in the simulator
has a uniform impurity density, and does not include carrier
recombination mechanisms (N, = N, = 10'® cm; N, = 101
em™>; ¢, =1, =10 um, ;= 100 um).

5. Changes in the n.n; Product in the Regions at
Junctions

The relationship in which the product n.n;, does not
change at the boundary of the np junction and the nn~
junction shown in Eqgs. (34) and (35) can be derived directly
from Eqgs. (7) and (8), respectively.

NpANeA = Npphep

(34)
(35)

NpgkNek = Npplen

However, in a device with a high concentration of impuri-
ties in the p or n region, these relationships change a little
due to the occurrence of band gap narrowing. Band gap
narrowing is a simulation method that narrows the band gap
(E,) to reproduce in an equal fashion the phenomenon in
which the state density of the valence bands and the con-

"Reference 6 explains that “although the Einstein relational equation holds
when the Boltzmann distribution approximation in a state of thermal
equilibrium is allowed, in practice the absolute values of the diffusion
component and the drift component are large, and the two virtually cancel
each other out, with only a small difference providing the current. As a
result, the Einstein relational equation is often extended to non-equilib-
rium states.” Moreover, Ref. 7 states that the Boltzmann distribution is
valid in the pn junctions where the carrier density on one side is low.



duction bands in a semiconductor region with a high con-
centration of impurities [4]. As can be seen in Fig. 6, when
band gap narrowing occurs, Eq. (4) is used for the holes and
free electrons at the pn~ boundary and the nn boundary,
and using the relationship [Egs. (36) through (41)] corre-
sponding to Egs. (5) through (8), Eq. (42) can be derived.
Equation (42) is different from Eq. (18) only in the expo-
nent element on the right side. As a result, Eq. (43) can be
derived based on changes to Eqs. (18) through (20). It is
clear that the on operating current (J) increases only by the
quantity AE,, (=A + B) and AE,, (= C + D). Only the sum
of A and B or C and D exerts an influence, and these ratios
are unrelated.

'an‘n -C _ & (36
exp T T N, )
exp —q(Vp-n + Vi) — D] _ Ik (37)

L kT App
exp [q(Vi-n + Vi) = C] _ Nek (38)

kT Nen
exp| Ler 2 2] 2 (39)

L kT fl,‘z/N]

(—q(Vpp- + V) + B
exp q( P ) ] _ Mhp (40)

| kT NpA
exp VQ(Vpn' + Vo) +A] _ ”ﬂ (41)

L kT NeaA

(q(Va + Vk)}
exp | ———=

Jety | Jnty A/NpNy o (—(A+B+C+D))
kT kT~ n2 P kT
(42)
J=J+J,
N KT n?(up+pe) exp[Q(Va+Vk)+AEqp+AEgn] (43)
NNty kT

For the product n,n, for the regions with opposing
boundaries, Egs. (44) and (45) can be derived from Eqgs.
(36) through (38), and a relationship between the band gap
narrowing (AE,,, AE,,) and the temperature (7) exists.”
When evaluating the carrier distribution in a bipolar device,
these two equations are essential. These two equations plus
Egs. (34) and (35) represent one form of the law of mass
action.

Hnalled _ exp(_iggp ) (44)
Npphep

Nk Nek —AE,,

NpnMen h Xp( kT ) (43)

“In the Slotboom model in Synopsis Inc.’s dessis, AEg is 29 meV at 1 X
10" cm™, 60.5 meV at 1 x 10" em™, 92 meV at 1 x 10% cm ™.
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Fig. 6. Band gap narrowing.

Using the results of simulations for a 7,-= 100 wm pin diode
at Vyx = 1V, Figs. 7(a) and 7(b) compare the difference in
the carrier distribution (n,, ny,, nn;) based on whether or not
band gap narrowing is present.

In Fig. 8, the J — V- characteristics are compared. In
order to have Eq. (21), where V, + V,, = V,,, match the line
without band gap narrowing, U, + L, was compared with
526 cm?/Vs. This 526 cm?/Vs is a value approximately 1.4
times greater than the mobility in the n region and p region
shown by the simulator. The analytical equation in Eq. (21)
is judged as approximating the simulation results well.

1.5x10'"8 F = 3.0x10%°
!{ 25
L =3
m’; 1.0—4 —n, H« 42.0 ::;-
3 /* A nh ! * ’8
= I e Ny, 1 1.5 3,
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Fig. 7. Effect of band gap narrowing on carrier

distributions (Vg =1 V).
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Fig. 8. Effect of band gap narrowing on Jp — V.
characteristics (V =1 V).

6. Simulation Results for Medium- and
Large-Current Operation

When the concentration of impurities in the n and p
regions is the same, the carrier density (n,, n;,) in the i region
shown in the simulator is virtually constant in low-current
operation. However, in (medium-current) operation where
V, can be ignored, an (almost) straight line sloping slightly
toward the n side results (for instance, refer to Fig. 7 and
the results of Vp=1V).

The reason for this is that the difference between the
two narrows as the carrier mobility for the free electrons
and the holes (o< diffusion coefficient) falls in the region
with a high concentration of impurities. In other words,
when “there is no recombination,” the current density
(J., J5) of the free electrons and holes is constant throughout
the p, i, and n regions. However, the ratio (K,,/W;, =
D,,/Dy,) of the mobility of free electrons in the p region
and of the holes in the n region is smaller than the ratio
(Wei/ Wy of the mobility in the i region. As a result, in order
for the drift current and the diffusion current for the holes
and the free electrons at the junctions on both sides to

n n° p
(2]
54 /F T e
= +y e + [
g . -
3| K { I A
A :
<] s +
(&) v A Ne B
S f / +
.g /] n+N, N
= il L
S <8 , | +
Vv Y Vv
k Vo d a
1 L
R
-
Fig. 9. Carrier distributions at large-current operation

or high recombination rate.
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Fig. 10. Electric field distributions at large-current
operation or high recombination rate.

continue, a configuration in which the free electron current
in the i region is lower, and the hole current is higher must
be used. This allows for adding diffusion from the anode to
the cathode as a result of the biased carrier distribution.

However, when the carrier density (n,, 1) in large-
current operation (in a pin diode with a symmetrical struc-
ture as found here) is in a state in which the concentration
(N)) of impurities in the n™ region is exceeded by several
orders of magnitude, the slope leans toward the p anode side
(dotted line in Fig. 9). This is because the slope (An,,/t,) of
the hole density in the n region must be greater than the
slope (An,/t,) of the electron density in the p region,
because the diffusion coefficient (Dy,,) for the holes in the
n region is smaller than that of the free electrons (D,,) in
the p region.

In a pin diode with a concentration of impurities in
the p and n regions at 10'® cm™, and #,- = 100 pm, this
situation appears under operating conditions in which 10
kA/cm? @ V=3 V. The dashed line in Fig. 10 shows the
electric field distribution (approximately 200 V/cm in the
flat area) at this point. Incidentally, the gray line represents
the electric field distribution (approximately 800 V/cm in
the flat area) for 100 kA/cm®> @ Vp=10V).

At 10 kKA/cm® @ Vi =3V, the extreme peak in the
built-in electric field at each junction boundary disappears,
and the difference in the electrostatic potential () is very
small. As a result, the potential distribution in the diode,
including the p and n regions, is virtually linear.”

Under these conditions, an approximation in which
“the net current density (J),, J,) is effectively zero” as de-
scribed in Section 4 clearly does not hold. As a result, an
approximation of the carrier density (n,, nj,) using the
Boltzmann distribution cannot be expected to hold. How-
ever, the carrier density product (n.n;,) in the junction
provides an almost constant value, as shown in Table 2.1

“The changes at the junction boundary in the carrier density become very
small. Moreover, when VF is over 10 V, the ratio of the hole current to the
electron current is much larger. As a result, the carrier density in the n~
region is raised significantly near the anode side.

TAt Vr=3YV, about 1.3 times greater; at Vy =30V, about 1.6 times greater
or less.



Table 2. n,ny, values for near junctions in large-current
operations (1, p-region: 1018 cm=3, 10 pm)

Vi Sim.Jp | Cathoden | K.siden™ | A.siden™ | Anode p
3V 16.5 0.74 0.87 0.71 0.59
10V 144 49 6.2 3.8 2.8
30V 1,120 9.2 12 6.1 3.8
(unit) | kA/em? | 10°em™ | 10%°em™ | 10%¢cm™ | 10%6cm™3

The results in Table 2, obtained by the simulator using
the simultaneous inequalities in Egs. (24) through (28), can
be explained in terms of physics as shown below. The law
of mass action” [11,171,,/n,om;, = K(T)], in which the ratio of
the products of the two reactive particle densities on both
sides of the boundary are constant (function of tempera-
ture), is a highly general law [8] which holds without
presupposing a Boltzmann distribution. The equilibrium
constant K(7) becomes K(T) = 1 per Egs. (34) and (35)
when the Boltzmann distribution (under small-current op-
eration) can be applied [in other words, n* = (N + An)An].
The reason the Boltzmann factor (k7) does not appear
clearly in K(T) is that the coefficients for the free electrons
and the holes are inverses of each other.” The function in
which the product (n,;,) of the free electron and hole
densities is constant can be expected to take the form of a
distribution, and as a result n*> = (N + An)An is reasonable
for the large-current operation.

7. Carrier Distribution When Recombination Occurs

When there is no carrier recombination in the small-
or medium-current operations (V< 1 V), the carrier distri-
bution in the i region is basically linear (Fig. 7). When there
is carrier recombination, the holes (n;,) decrease from the p
anode to the n cathode, and instead the free electron density
(n,) rises. For this reason, on the p anode side in the i
region, there is a surplus positive charge as
n,(x) + Ny > n,(x), and on the n cathode side there is a
surplus negative charge where n,(x) + N; < n,(x). As aresult
of these surplus charges, a peaking electric field (from the
anode to the cathode) occurs® in the i region, as shown by

*Equations (34), (35), (44), and (45) in Section 5 are also a representation
of the law of mass action.

For instance, if 7, o< exp_A, then nj o< epr.

*The carrier density distribution (ne, ny,) for the n and p regions does not
change. Over a lifetime, the diffusion coefficient (D) and the mobility (1)
are not directly affected. As a result, if the thickness (#p, ;) of the n and p
regions, and the operating current density (Je, J;) can be determined, then
ne and ny, are determined based on Eqs. (2) and (3).

$In small-current operation (solid line), the positive side is on the order of
dozens of volts per centimeter, and the negative side is on the order of
several thousand kilovolts per centimeter.
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the solid line in Fig. 10. The division voltage (V, and V) at
the cathode junction and the anode junction decreases by
the amount that the division voltage (V,) in the i region
increases, that is, the integral amount of the electric field in
it (refer to Fig. 1). Then the densities (n,, n;,) of the free
electrons and the hole electrons also decrease at both edges
of the i region. As a result, the amount of surplus charge on
both sides of the i region decreases. The strength of the
electric field weakens, and the division voltage (V) also
drops. The distributions [#,(x), 1,(x)] of the charge density
in the i region and the division voltage (V,) are determined
by this balance. Ultimately, if there is a recombination
mechanism present, then the carrier distribution in the pin
diode takes the shape of a bowl.

8. General Evaluation of the On Voltage during
Large-Current Operation

On both edges of the i region, the function in which
the drift current in the i region and the diffusion current in
the p or n region are (almost) equal holds in general [Eq.
(46)]. For instance, if n represents the carrier concentration
(n.x = nyx) on the i side of the junction boundary on the
cathode side and An represents the hole density (1;,,) on the
n side, then the free electron density (n,,) in the same
position is the sum of the n-type impurity concentration (N
= N,) and An such that the charge neutrality condition is
satisfied. As was described in Section 6, the relationship [n>
= (N + An)An] can be expected to hold between these carrier
densities. If An found in Eq. (46) is substituted for An in
this relationship, then the approximate equation in Eq. (47)
results.” If each side of Eq. (47) is divided by N, and the
resulting An is substituted into the third part of Eq. (46)
again, then Eq. (48) results. These relational equations can
be broadly applied whether or not recombination is present,
if the difference (n, — n;, = N;) between n, and ny, in the i
region can be ignored in the operating region. However, the
electric field strength (Ey) in Eq. (48) is the value at the edge
of the i region.

A
J ~ 2qnuE ~ 2ukT 22 (46)
Ax
n® ~ (N + Am)An ~ NAn ~ Nq"fTAx 7
2
J ~ 2qnuEq ~ z%‘EoZNAx (48)

n and L, represent the carrier density (= n, = n;,) and the
mobility on the i region side. N, |, and Ax are the concen-
tration of impurities, the mobility, and the thickness in the

“The difference in the mobility of the hole electrons and the free electrons,
and the difference in the mobility in the i region or in the p or n region are
ignored.



Table 3. Comparison between Eq. (48) and simulator

Vi | Cale.Jp | Simu.Jp | ratio 7 actualEy

3V 16.5 7.9 x2.1 150 200
10V 144 66 x2.3 120 800
30V 1,120 217 x 5.1 100 2,400
(unit) | kA/em® | kA /cm? - |em?/Vs| V/em

p or nregion. The electric field strength (E() on the edge of
the i region can be approximated with the average electric
field of the device overall.”

Table 3 gives a comparison of the simulator output
values (not including band gap narrowing or carrier recom-
bination) and the results of calculations using Eq. (48). The
mobility in the p or n region obtained in the simulator is
used as [ in Eq. (48) [if the simulation value (W) in the n~
region is used, the error is larger). Because of a fivefold
error at most even at V= 30 V with current at 200 kA/cm?
flowing, Eq. (48) is deemed valid for up to several dozen
kiloamperes per square centimeter. The errorin Vy=3 V (=
10 kA/cm? operation) would be a result of the real electric
field strength (Ej) in the junction being smaller than the
average electric field strength (= Vi/t4.ic0)-

Equation (48) shows a propensity for the canonical
operating current (J) in a pin diode with a long i region to
be proportional to the product of the thickness (Ax), con-
centration () of impurities in the anode p region and the
cathode n region, and the square of the (average) electric
field strength (E,,,) in the i region. The dependence on the
thickness (Ax) and the concentration (N) of impurities is
confirmed by using characteristics such as the on voltage
and inverse recovery time (in other words, the cumulative
carrier density when on) of the transparent-type pin diode
with a structure similar to the diode in question here.

The term transparent stems from a low concentration
of impurities, along with the p region and n region being
thin at less than 2 to 3 um, and as a result, the carrier passing
through these regions with virtually no attenuation. A diode
with this configuration tends to have a short inverse recov-
ery time even if its lifetime is long.

Equation (48) is a rough model that presupposes a
symmetrical configuration for the p region and n region,
that must use the mobility (L) obtained by the simulation,
and that does not take into consideration the lifetime con-
tributions or the effects of band gap narrowing. However,
the mobility (lt) in the p or n region with high concentra-

*On both edges of the i region where only the drift current is flowing, the
carrier densities (ne, 71,) increase even over a (long) lifetime for default
values in the simulator, and so the electric field strength tends to decrease.
However, the drop in the mobility (1) caused by the increase in n. and
ny, suppresses the tendency for the electric field strength to decrease.
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tions does not much depend on the operating current den-
sity. As aresult, it is a rough measure when lifetime control
is not performed in a power device (diode, GTO, or IGBT)
with a basic pin configuration.

For instance, if N = 108 cm™, Ax = 1 wm, and L =
100 cm?/Vs, then the on voltage when 1 kA/cm? is flowing
through a 1-mm-length pin device (equivalent to 10-kV-re-
sistance thyristor or IGBT on silicon) without lifetime
control should be about 14 V.

9. Good pin Configuration for a Power Device

If the thickness of the p region and n region with a
diode configuration used for the analysis here is further
reduced, then a transparent configuration common in recent
years as a high-speed diode for an IGBT module results. In
the past 10 years this has been shown to be a method that
can achieve the ideal of a pin configuration power device
in which “the lifetime is lengthened, the concentration of
impurities in the p region and n region is reduced, and the
thickness is decreased all at the same time, and as a result
the carrier distribution should be lower and flatter” [9]. The
author believes that Fig. 1 can be taken as a simple, inex-
pensive representation, and that this basic structure itself is
the best representation of the principles of diode operation.

10. Conclusion

The author attempted a simple explanation of the
operating mechanisms found in a pin diode configuration
consisting of a minimum number of elements. The follow-
ing results were obtained.

(1) The basic equation [Eq. (21)] for the low-current
operation in a pin diode with a p region and an n region with
low thickness can be derived based on the diffusion current
of the minority carriers in the p region and the n region, and
the Boltzmann distribution. Using this idea the author con-
firmed that carrier recombination is not necessarily a re-
quired factor for pin diode operation.

(2) The carrier density product (n,n,) was recon-
firmed as fundamentally constant on both sides of the
junction.” However, at the boundary with a region in which
band gap narrowing (AE,) occurs due to a high concentra-
tion of impurities, a difference of exp(—AE,/kT) occurs
[Egs. (44) and (45)]. (This relationship is valid regardless
of whether or not carrier recombination occurs.)

(3) It is known experimentally that the pin diode
operating current is inversely proportional to the concentra-
tion of impurities in the anode as well as the cathode regions
at low current densities, and conversely tends to be propor-

*Equation (4) in Ref. 3 is derived by using this relationship.



tional to the thickness and the concentration of impurities
in these regions at high current densities. As basic equations
that explain the characteristics above, the author was able
to obtain Eq. (48) for large-current operation and Eq. (21)
for small-current operation.

The analysis here does not include carrier recombi-
nation, and as a result has little practical significance.
However, the author believes that the simplicity of the
results shows the essential characteristics of diode opera-
tion. At the very least, the results should be useful for
creating flat images of diode operation. In particular, in the
analysis of bipolar devices, knowing the internal carrier
distribution is important, and as a result item (2) above
should be useful.
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