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Analysis of TCC in p-n Short Silicon
Diodes at 300400 K

R. M. R. Kubica *, A. Albouy

Abstract — This work presents a study of the thermal
sensitivity of p-n short silicon diodes represented by the
temperature coefficient of current (TCC) for thermal sens-
ing applications. It proposes an analytical model (AM) of the
TCC of p-n short silicon diodes under low-level injections
and in the temperature range of 300—400 K. First, the TCC
is studied at diffusion and recombination regimes and it
is discriminated between different physical contributions.
Then, it is followed by a discussion on the origins and
influences of these contributions to provide a usable and
simplified analytical expression of the TCC. Finally, the
proposed AM is compared to technology computer-aided
design (TCAD) simulations and experimental results at
300-400 K. It shows a strong correlation for different
designs of p-n short diodes.

Index Terms— Analytical model (AM), p-n-diode, short
diode, silicon, technology computer-aided design (TCAD),
temperature coefficient of current (TCC), thermal sensitiv-
ity, thermal sensors.

[. INTRODUCTION

HERMAL sensors are widely used in various fields of
Tapplication. This includes, for example, electrotechnical
and automotive systems, industrial control, medical devices,
smartphones, and other defense or security systems. All of
these electronic sensors are based on various technologies
[1], [2] such as thermocouples [3], thermistors [4], [5],
or diode temperature sensors [6]. The performances of these
sensors are driven by three main factors: sensitivity, noise,
and operational temperature. Sensitivity is assessed using the
temperature coefficient of X (TCX) (% - K [1], [2], [7]

1dX (1)

TCX = -
X = X dT
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where T is the temperature (K) and X is a parameter sensitive
to T (resistance, current, and voltage) which depends on the
technology of the sensor.

Thermistors are characterized by their temperature coeffi-
cient of resistance (TCR) with typical values from— 1% K-!

to 3% K-! [5]. Whereas, diode thermometers are char-
acterized by the temperature coefficient of woltage (TCV)

[6], [8] or the temperature coefficient of current (TCC) [9],
[11], [12]. In general, TCC of silicon p-n diodes is higher
than TCR of thermistor materials, but depends on the applied
voltage. Moreover, silicon diodes are compatible with foundry
manufacturing processes and their production costs are low.
They are, therefore, well-suited for thermal sensors. The TCC
needs consequently to be physically understood and modeled,
especially for low-level minority injections where the TCC
is high. Previous works on silicon p-n diodes have already
been done to express the TCC in forward bias at 300 K.
These studies were either performed on long diodes or on
diodes where the current density was only dominated by the
diffusion of minority carriers [9], [10], [11], [12], [13]. The
present article proposes to extend the study to forward-biased
short diodes between 300 and 400 K. This work aims to
establish a model sufficiently simple to lead a physical general
analysis of the TCC and not to propose a complete compact
model. The model includes parameters such as the doping
concentration, carrier lifetime, and diode length. The impact
of these parameters on the TCC is assessed to provide a
simplified expression. Finally, our model of TCC is compared
to technology computer-aided design (TCAD) simulations and
experimental results at 300400 K.

[I. AM oF THE TCC IN p-n DIODES

The p-n diode is one of the most basic structures in micro-
electronics. Made by the juxtaposition of two semiconductors
(P and N), the current—voltage characteristic of a p-n diode is
nonlinear. Under forward bias, the current density J (A m-2)
of the diode depends on three mechanisms [14]: diffusion of
minority charge carriers, recombination of minority charge
carriers, and the drift of charge carriers due to the series
resistance Rs (A). Jairr and Jrec represent the current density
due to the diffusionand the recombination of minority charge
carriers (A-m-2). To express these currents, we used the
following hypotheses and notations.

1) The p-n junction is made of silicon, is considered abrupt

at thermal equilibrium, and is studied at 300-400 K.

0018-9383 © 2024 IEEE. Personaluse is permitted, but republication/redistribution requires IEEE permission.
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Fermi statistics is reduced to Boltzmann statistics to
describe electron distributions on energy lewels.
The lengths of the P and N regions are I, and In (nm).

Nhearc]igmpg(g?p%ﬁ%étlons in the P and N regions are

a d
Due to the bandgap narrowing effect, the concentrations
of intrinsic carriers n; are differentinthe P and N
regions and noted nip and nin (at cm-3).
The lengths of the space charge regions in the P and N
regions are Wp and Whn (hm).
The diffusion coefficients of minority charge carriers
(m? - s inthe P and N regions are D, and D.
The lifetimes of the charge carriers in the P and N
regions are 1, and T (S).
The diode is supposed short, that is, Ip,n are small
compared to the diffusion lengths of the charge carriers.
The recombination mechanisms are only provided by
SRH-type mechanisms [16], [17].
The behavior of the diode is studied at low-level minor-
ity carriers injections. Therefore, the influences of Rs
and the self-heating are neglected.

The following expressions are used for J [14]:

J = Jditf + Jrec. 2
With
V
Jaift = Jaiff—sat €XP % -1 (3)
w
q’ U x.dx €]

()

\]rec -

where Va is the applied voltage to the diode (V) and Jaiff—sat
represents the saturation current density linked to diffusion
(A - m?) [14]

!

D n.z Dpnig
Jdif-sat = G L (5
e (Ih = Wo)Na (I — WyNe

In (4), W is the total length of the space charge region (m)

and U is the recombination rate (m= - s7%) [14]
Pon ©)
T omn+nexp Soo 4+ pinexp S

where n_and p are the electron and hole concentrations

(at - cm=), 1en are the lifetime of electrons and holes (s),

Ei is the energy level of the midgap (eV), and E: is the energy

level associated with the recombination mechanisms (eV).
Then, we assume the following hypotheses to simplify (6).
1) The lifetimes of electrons and holes are equal (Ten = T).
2) The np product is constant in W.

3) The recombination occurs at the midgap (E: = Ei).
Therefore, U is equal to
2 a
n°exp & -1 @)

T Mn+ p+2m)
U varies in W because the sum n + p depends on the

minimal [14]. The maximum recombination rate Umax is noted

qVy qVs

U nioexp % -1 nioexp & —1 (8)
max = T W ~ 21
2 =~
exp 2 +1
To.

AR Ui e RS (4 R Uy S Y
approximation owerestimates the value of Jwec. Therefore,

we choose to use expressions proposed by Shur [18] where
Jrec IS expressed

consli

2 (Umax)®

9
U] ©

i = q-
where U, is the second derivative of the recombination rate
U near xo where n = p. Then, (9) is approximated to obtain

qVa

2kT (10

\]rec = \]rec—sat exp

With Jrec—sat represents the saturation current density linked
to the recombination (A - m-3) [18]

7 kKT ny

Fop 1

2

where Fnp is the electric field at the junction between the

P and N regions (V-m-1).
Given these expressions of J, the TCC can be expressed

when J = Jaitr (TCCuairt) and J = Jrec (TCCrec) [9], [13].

(11)

Jree— sat =

A. Temperature Coefficient of Diffusion Current

In the case of J = Jaitr, the TCC is expressed as follows:
1 dJaifr

Jaig dT

Assuming that exp(qVa)/(kT) > 1 and by using (3), the

following expression of the TCCitr iS obtained:
1 dJsrsa  qVa

ar kT2

TCCuitt = (12)

TCCuifs =

Jdiff—sat (13)

Nevertheless, for a better understanding of the TCCuits,

513) is discriminated into different physical parameters. Thus,
dift-sat IS developed, and the contributions of the N and P

regions (J and J ) are separated
diff—satn diff—sat p
Jaift-sat = Jaift-san T Jaiff—sat p- (14)
With
!
D p?

Jdiff—satn, p =0p —— (15)

(l - Wn'p)Nd a

Then, (15) is dewveloped by separating the contributions of
Jaiff—satn p USING the logarithmic derivative and (1)

d Jgir—
— = Jdiff-satn, p . _ TCDs p + TCNIliz 2 — TCLWh (16)
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where TCDn,p, TCNIn2p2 and TCLWnp are the temperature
coefficients of Dnp, N2 and | — Wayp. This expression of the

in,p
TCC it is thus obtained

TCC diff—satn
diff (TCDa + TCNI — TCLW,)
def—sa qV
+—48D (TCD, + TCNIp — TCLWp)——2.
Jdiff—sat kT 2
(17)

If p+tn or n+p diodes are considered, Jaiff—sat depends only

one region (P or N). Foran P diode (Jaif-sa = Joiti—sat p):
? ) 1s approximated
qVv

TCCirt =~ TCDp + TCNIp — TCLW, - (18)

___a
kT2"
1) Temperature Coefficient of Diffusion Coefficients: Consid-

ering a nondegenerated semiconductor, Dnpcan be written

using the Einstein relation [14]

kT
Dnp=Hnp (29)
where Hnp are the mobiliti€s of charge carriers
(m? - V-1 - s). Assuming that the electric field E is

low enough, the mobility saturation effects are neglected. The
minority charge carriers are in equilibrium with the lattice and
Mn,p are dependent on phonons and impurities concentrations

Nr (at - cm-%). Moreover, E is considered to be applied in
the same direction as the charge carriers’ movement. Under

these conditions, the expression of n,p is obtained [14], [20]

300 °

= Hn,p-300K T (20)

p-n,p

where Lnp-3ook represent the mobilities of minorlév charge
Eaifies A, 3R K161k {8 iseeronrie ieiveand Ao A cl &k
Mn,p—300k USing the Masetti et al. [23] model. By using (19)
and (20), (21) is obtained to express Dnp

Dn’p = CDn'p ' Tl_é. (21)

The parameter Cpn,p = (K/q)Hn,p-300k300° is independent
of T. Therefore, the TCDn, is expressed as

1 dDy,
Dnp dT

2) Temperature Coefficient of the Square of the Concentra-
tion of Intrinsic Carriers: These forms are used for ninp [15]

T 0Emyp
300 oot
where N, are the effective density of states for the conduction
and the valence bands at 300 K (m ) and Egp are the
bandgaps in N and P regions (eV).

We consider that Egnp is dependent on T according
to Varshni’s empirical equation [14], [24], [25]. On the
other hand, the Slotboom’s law is used for the bandgap
narrowing [26]

TCD = TCDy ; = =(1-6)-T5 (22

Ninp = Ne Ny (23)

aT ?

E (24)

on,p = EgnO, p0 —

T+pB

With
o I o

EgnO,pO =117 - Yi: In 2 + V3n (25)

where E g0,50 are the bandgaps in N and P regions (in eV)
at 0 Kand a, B, yi1, y2, and ys are constants. In this article,
we consider that Nt — NgaforNand P regions.

Finally, by using (24) and (25), we express TCNInz2 p2

1 dnfp aB

n dT )
) (T +B)?
fp (26)

TCNIng, p2 = 8.9 Egooo

T k T2

3) Temperature Coefficient of the Lengths of Neutral
Regions: The expression of TCLWh is simplified as

1 dw
TCLW p d In Wn _ n.p (27)
(In p— Wn ,p)dT Wn P - In P dT
Then, the expressions of Whp are developed [14]
S
Wn,p = Cwn,p @0 - (28)
With
c _ 26 N, ¢ _ 26 Ny ¢
wn = wp =
g(Na + Na) Ng g(Nd + Na) Na
(29)
KT, NgNa
@ = In 30
0 q ninnip ( )

where @ is the diffusionvoltage (V) and Cunp are parameters
independent of T.

Then, the derivative of (28) with respectto T is calculated
to obtain

de.p = Cwn.p d(DO_ (31)
dT 2 @y —V, dT
By using (28) and (31), TC Wop is expressed as 10
TCLW = me— ./ x —2,
" 2(Inp — Cun,p — V) @ - dT
(32)

4) Analysis of the Contributions to the Temperature Coeffi-
cient of Diffusion Current: Fig. 1 illustrates the results of the

TCCuirt of a n*+p diode (D1). The TCCairt and its parameters
are represented as a function of Va using (18) at 300 K.
In Fig. 1, the TCCuitsr decreases when Va increases. In this

example, its value goes from 14.5% - K- to 4.05% - K- for
Va between 0.1 and 0.9 V. The TCNIpy2 and the TCD are

mdependent of Va 22% and (26) and are around 15.9% - K-!
and -0, 01% - Then, the CLW, (32) depends on Va and

is around 0.07%: K-1. Afterward, we consider that TCD and
TCLW, can be neglected compared to TCCuir. Indeed, in most
cases, the sum of these terms is lower than 5% of TCCaitr.
This affirmation is valid when W, is smaller than | , such as
Wp < 0.95 |p. In this case, we modify equation (18) for

the TCCaitr of n+p diode
qVa

TCCan = TCNIz — 7 (33)
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D1 : N; = 10% at.em™, N, = 10" at.em™, 1., = 50 nm

ind its parameters (%.K 1)
P ™)
T
/ ”
|
|
|
|

—TCNI,—TCD- -TCLW, s

TCCyy; o

—TCCuyy

12 : —hem |

0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9
Vi (V)

Fig. 1. Evolution of the temperature coefficient of diffusion current and
its parameters with the applied voltage for D1 at 300 K.

l—D1 : \ =10 at.cm 2, lpp = 50 nm | e
- -D2 : = 10" at.cm 3, Iy = 150 nm
41..D3: = 10" at.em™3, 1, , = 35

5 l—D4 : N, = 10" at.cm™3,
“|}—Ds5 : \ =10 at.cm™?,

0 . : i
01 02 03 04 05 06 07 08 09
Va (V)

Fig. 2. Evolution of the temperature coefficient of diffusion current as a
function of the applied voltage forD1, D2, D3, D4, and D5 at 300 K.

The formulation obtained in (33) is similar to the TCCaift
of long diodes found in the literature [9], [13].
(Fldnay e RS et b 'mff& fﬁ%ea%ﬁsg
as a function of V at 300 K where diff 109 at - cm=

Nag =
In Fig. 2, Nag and Ip.n have a significant influence on the

TCCuifr. For the same Va, the TCCuits is higher when Na is
smaller. There is a rise of 1% - K-* when N, decreases from

0 18 3
P, 10580, HSRPEEVS s e RS

is ch ange 1s on
seen when Va is lower than 0.4 V and can be correlated to
cases where (33) is not valid.

B. Temperature Coefficient of Recombination Current

In the case of J = Jrec, the TCC is expressed as follows:
1 d Jrec
\]rec dT )

Then, using (10) and (11), (34) is discriminated into differ-
ent physical parameters such as TCCitt

TCCrec = (34)

TCCrec = 1 + TCNI — TCF,, — TCT — (35)

a
2kT?
where TCNI, TCFqp and TCr are the temperature coefficients
of ni, Fnp and 7.

If ptnorn+ p diodes are considered, Jrec—sat depends only
on P or N region. For a ntp diode, (35) is approximated
Vs

2kT?

where TCNIp and TCr, are the temperature coefficients
of nip and 7p.

TCCe = 1+ TCNI, — TCFy — TCTp — (36)

1) Temperature Coefficient of Concentration of Intrinsic Car-
riers: The TCNIyp is simply obtained by using (26)

1 dny, TCNI
TCNIy p = e o —nnez,

@7

Nin'p dT 2
2) Temperature Coefficient of Electric Field: Fnp is different
for diodes with symmetrical (Na = Ng) or asymmetrical
(Na = Ng) doping levels [18]. For a np diode, Fnp is equal
to

 ONa(2Vhip — Va) 12 38
an - €0€EY ( )

where Vuip is the built-in potential (V) in the space charge
region Wy [18]. The TCFyqp is obtained using (1) and (38)
1 dFy, _ 1 dvbi,,- (39)

TCan =
Fop dT 2Vhip — Va dT
For diodes with symmetrical doping levels, 2Vhip is equiv-
alent to @q [18]. Therefore, TCFnp is equal to

1 dF 1 do
TCan = Le = 0.

(40)
Fn,p dT 2(@0 - Va) dT
3) Temperature Coefficient of Minority Carrier Lifetimes: Tn,p
are calculated using the expressions of Law et al. [19]. Here,
we choose to neglect the band-to-band Auger impact on the
minority carrier lifetimes. Thus, the minority carrier lifetimes
are only influenced by SRH mechanisms. Then, we assume
that mp is proportional to T7where 0  _n _ 1.77 between
300 and 400 K [20]. This expression is obtalned

T300K T
Tp =1, N 300 (41)
Nref

R IO e S U R
re

(at - cm=%), Nr = Nga for N and P regions. Here, we choose

to approximate n and fix its value to 1. Therefore, TCr and

TCrp are equal

1 dmp 1

" np dT T T

4) Analysis of the Contributions to the Temperature Coeffi-
cient of Recombination Current: Fig. 3 illustrates the results of

the TCCre of a n+tp diode at 300 K. This one is similar
to the diode D1. Here, the low concentration lifetime of

charge carriers at 300 K, 1300k is equal to 10-8s. The

TCCrec and its contributions (36) are represented as a function
of Va In Fig. 3, the TCCe decreases from 7.7% - K to
3.4% - K-t when V, is ranging from 0.1 to 0.85 V. For higher

voltages the TCCec increases from 3.4% - K- to 4% - K-
The TCNIp and the TCro are independent of Va (37) and are

about 8%.K-! and 0.33% K-1 respectively. Meanwhile, the
TCFnp (39) depends on Va and raises from 0.73% K-! to
2.05% K-1,

Finally, the influence of Na is represented inFig. 4. It shows
the TCCrec of three diodes at 300 K where I = 50 nm,
Ng¢ = 102 at - cm=3 and 0 k = 10 s. As shown earlier in
the diffusion regime, the TCCrec evolves also with the doping

level (Fig. 4). When Na. decreases from 102 to 10® at - cm-

TCr (42)
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and its parameters (%K')

TCCe
i

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Va (V)

Fig. 3. Evolution of the temperature coefficient of recombination current
and its parameters as a function of the applied voltage for D1 at 300 K.

8
7

=)}

{—D1 (N, = 10" at.cm™?)
(N, = 10" at.cm™)
D5 (N, = 10% at.cm™®)
0 4

TCCee (%K)
(S )

2 0.3 0 0.5

Va (V)
Fig. 4. Evolution of the temperature coefficient of recombination current
as afunction ofthe applied voltage forD1, D4, and D5 at300 K.

0.6 0.7 0.8 0.9

107,
107}
10°}
107}

|
10° |

10-° '
0 01 02 03 04 05 06 0.7 08 0.9

Va (V

0 T
0 01 02 03 04 05 06 0.7 0.8 0.9
Vo (V

Fig. 5. (a) J-V characteristics and (b) TCC for D1, D2, D5, D6, and D7
at 300 K.

the TCCrec increases of 0.6% - K-1. Moreover, we note that
the rise of the TCCrec at high voltages is only present for D1.
We attribute this to the TCFnp (39).

C. TCC in p-n Diodes

The expressions of TCC in different regimes of a p-n diode
provide a complete form for the TCC. This form, independent
of the studied regime, is obtained by using (2)

J .

TcC = M wree 4 dee o Tec

] diff
Fig. 5 presents the J -V characteristics and the TCC of
five diodes at 300 K where Ns» = 10%° at cm-=3. The
other parameters are displayed in the legend. In Fig. 5, the
TCC always ewolwves in the same way with Va. In the low
injectionregime, when J — Jrec, the TCC decreases when Va
increases. Subsequently, when Jaitr becomes close to Jrec, there
is an elevation of the TCC when V. increases. Finally, when

J = Jaifr, the TCC decreases again as Va increases. We also

(43)

rec

10% ¢ - ) 9

J (Am™?)

—300 K
) |- =320 K
i 340 K
« 360 K
380 K
100 K

0.1 02 0.3 04 05 0.6 0.7 0.8 0.9

Vi (V)

06 0.7 0.8 0.9 0

0 0102 03 04 05
Vi (V)

(a) J-V characteristics and (b) TCC of D7 at 300-400 K.

Fig. 6.

define Va—ix Which is the value of Va where Jec = Jai.
For D1, it is represented by a dashed black line in Fig. 5.

Va—int illustrates the transition between the TCCre and the

TCCuitr. For instance, Va-it = 0.38 V for D1. The evolution
of the TCC with the doping is consistent with the observations

made earlier for the diffusion and recombination regimes. The
doping also influences Va-int. In this case, Va-int increases
from 0.38 to 0.74 V when the doping increases from 108
to 1020 at - cm-3. The other parameters as 730 k and lnp
only change the value of Va-it. When the Iy varies from
50 to 150 nm, Va-inx increases from 0.38 to 0.48 V. On the

other hand, when 7300 « raises from 10-° to 10-7 s, Va—int
diminishes from 0.52 to 0.26 V. This last observation is due

to the decrease of Jrec When Took increases (11).

Finally, Fig. 6 represents the J-V characteristics and the
TCC of D7 (Ng = 102%at .cm=3,Na = 10 at. cm=3, lhp=
50 nm, 700k = 10-?s) at 300—400 K.

In Fig. 6, the TCC decreases as T increases. The reduction
depends on V.. For instance, the TCC reduces from 5.9% - K-!
to 5.6% - K*at 0.4 V and from 6.9% - K-1to 45% - K- at
0.62 V. Moreover, we observe that Va-int also decreases as
T increases. Therefore, at high temperatures, the regime where
the TCCrec is dominant does not appear at low voltages.

Ill. RESuULTS AND DISCUSSION

To validate the analytical model (AM) of the TCC of a
p-n diode, our results are compared to those obtained with
Silvaco 2-D TCAD simulations. To design the different diodes,
TCAD simulations are carried out on Victory Device using
BGN, MASETTTI, and CONSRH models [27]. To correspond
to (41), some parameters of CONSRH are fixed: TAUP —

TAUN = 10-8s, NSHRN = NSRHP = 107 at .cm-3
and LT.TAUP = LT.TAUN = 1. Other used parameters are
the default parameters of the models BGN, CONSRH, and

MASSETTI [27]. We study two diodes: D1 where Na = 1018
at - cm=, Ng = 109 at - cm=3, I =50 nm, mk = 10 s
and D5 where Nag = 102 at .cm=3, Iy = 50 nm, and
m0 k = 10-8 s. Fig. 7 presents a comparison between the
J-V characteristics and the TCC of D1 and D8 obtained
with the TCAD and our model at 300-400 K. In Fig. 7,
there is a strong agreement between the model and TCAD
simulations in the diffusion regime and the recombination
regime. A discrepancy only appears in the transition between
the two regimes. For D1, the maximal difference is about
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Fig. 7. (a) J-V characteristics and (b) TCC obtained with the AM and
TCAD simulations for D1and D5 at 300-400 K.

TABLEI
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Fig. 8. (a) J-V characteristics and (b) TCC obtained with experimental
results (EXP) and our AM at300-400 K.

0.35%  K-! at 0.3 Vand 300 K. This dispersion of the TCC
in the transition regime is due to the approximations of Jrec
made in (9)-(11). In our model, U is uniform in W and
is fixed thanks to Fnp [18]. The TCAD does not use these
approximations to express U.

Finally, we compare our AM to experimental results. In this
article, the experimental results are derived from two diodes
(Table 1). The first set of results is derived from our work
in [28] using Keysight B1500 A Semiconductor Device
Parameter Analyzer and a Semiautomated four-probe system
Cascade Microtech SUMMIT 12 000 at 300-400 K. The
second one is taken from Fournol et al. [10] at 300 K. The J -V
characteristics and the TCC of these two diodes are compared
to our model as a function of Va at 300400 K (Fig. 8).
In Fig. 8, we use the same lengths and average dopings as in
Table 1. The mook is the only parameter used to fit the model

with the experimental results. The 7300 k is about 5 4 10-°s

for our diode [28] and 4108 s for Fournol et al. [10]. There
is a great agreement between the model and experimental

results. For our diode, there is a strong correlation between
the model and the experimental results at 306—-400 K in the
diffusion regime. Outside this regime, there is a discrepancy

about 1%-K-* between the model and the experimental results
at 300 K. We attribute this difference to two approximations
made in our model. First, we use Boltzmann statistics instead
of Fermi statistics for our equations. Second, we considered
average doping in P and N regions instead of using the real
doping profile in these regions. It shows the limit of our model
when the doping is not constant in the P and N regions.
At higher voltages, the experimental results are lower than
the model. We attribute this difference to the influence of Rs
which we neglected in our model. The disparity begins at 0.7 V
at 400 K and 0.8 V at 346 K. In the case of Fournol et al. [10],
there is a superposition of the two curves when Va is between
0.5 and 0.8 V. Similar to our diode, there is a difference at
high woltages due to Rs.

V. CONCLUSION

This article presents an AM of the TCC in p-n short diodes
between 300 and 400 K. We have demonstrated that the
TCC is highly dependent on the conduction in the diode
(recombination or diffusion). At a given voltage, the TCC
of the recombination current is lower than the TCC of the
diffusion current. For that reason, there is an increase of
the TCC as the applied voltage grows only at the transition
between the two conduction modes. When one of the two
conductions becomes negligible, the TCC always decreases
with the applied voltage. The TCC is written as a sum of sev-
eral physical and technological contributions. This formalism
is very useful to analyze the weight of each contribution to
the TCC. It is also useful to estimate the voltage where the
transition between the two conduction modes (diffusion and
recombination) occurs. This transition depends strongly on the
doping concentration and the length of the N and P regiors.
In both conduction modes, the intrinsic carrier concentration
Nipn remains the main contribution to the TCC. Our AM
has been finally compared and validated with TCAD simu-
lations and experimental results. In general, for both diffusion
and recombination currents, the matching between the model
and the TCAD is excellent. However, discrepancies appeared
at 300 K which can be explained by the approximations
made in our model in the recombination current. Moreover,
there is also a strong correlation between the model and the
experimental results for different diodes. However, the model
shows limits when the doping is not perfectly constant in the
P and N regions. Finally, the deviation observed at high
woltages is simply due to our approximations of the series
resistance. These comparisons confirm the ability of the pro-
posed model to accurately express the TCC of short silicon
p-n diodes under low-lewel injections and at 300-400 K.
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