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Abstract —  This work presents a study of the therma l  
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. 

I. INTRODUCTION 

HERMAL sensors are widely used in various fields of 

application. 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) [1], [2], [7] 

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−1 

to 3% K−1 [5]. Whereas, diode thermometers are char- 
acterized by the temperature coefficient of voltage (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 

TCX 
1 d X 

X d T 
(1) 

to technology computer-aided design (TCAD) simulations and 

experimental results at 300–400 K. 
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II. 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 (▲). Jdiff and Jrec represent the current density 

due to the diffusion and 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. 
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2) Fermi statistics is reduced to Boltzmann statistics to minimal [14]. The maximum recombination rate Umax is noted 

describe electron distributions on energy levels. 
3) The lengths of the P and N regions are l p and ln (nm). U ni
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q Va  

  

− 1
 
 

 
 

 

ni
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q Va  

  

− 1
 
 

 
 

(8) 

4) The doping concentrations in the P and N regions are max = 
2

  
exp

 qV    
+ 1

   ≃ . 
 

5) Due to the bandgap narrowing effect, the concentrations 

of intrinsic carriers ni are different in the P and N 
To provide an usable expression for Jrec, (8) is usually 

considered to be valid in W (U = Umax). However, this 
regions and noted nip and nin (at cm−3). 

6) The lengths of the space charge regions in the P and N 
regions are Wp and Wn (nm). 

7) The diffusion coefficients of minority charge carriers 

(m2 · s−1) in the P and N regions are Dp and Dn. 

approximation overestimates the value of Jrec. Therefore, 
we choose to use expressions proposed by Shur [18] where 

Jrec is expressed 

∫ 
2 U 3 

 

 

regions are τp and τn (s). 

9) The diode is supposed short, that is, l p,n are small 
compared to the diffusion lengths of the charge carriers. 

10) The recombination mechanisms are only provided by 

|U0
′′| 

where U0
′′ is the second derivative of the recombination rate 

U near x0 where n = p. Then, (9) is approximated to obtain 

SRH-type mechanisms [16], [17]. 
11) The behavior of the diode is studied at low-level minor- 

ity carriers injections. Therefore, the influences of Rs 

Jrec = Jrec−sat exp 
q Va  

. (10) 
2kT 

and the self-heating are neglected. 

The following expressions are used for J [14]: 

With Jrec−sat represents the saturation current density linked 

to the recombination (A · m−2) [18] 

  π   
1   

kT n  
 

 
With  

Jdiff = Jdiff−sat 

 

exp

 
q Va 

  

− 1

 

(3) 

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 

Jrec = 
q 

W 

U x dx (4) 
( ) 

0 

when J = Jdiff (TCCdiff) and J = Jrec (TCCrec) [9], [13]. 

where Va is the applied voltage to the diode (V ) and Jdiff−sat 
represents the saturation current density linked to diffusion 
(A · m−2) [14] 

A. Temperature Coefficient of Diffusion Current 

In the case of J = Jdiff, the TCC is expressed as follows: 

  
D n2 Dpn2  

!
 

 
 

TCCdiff = 
1

 
d Jdiff 

d T 
. (12) 

(ln − Wn)Nd (l p − Wp)Na Assuming that exp(q Va)/(kT ) ≫ 1 and by using (3), the 

In (4), W is the total length of the space charge region (m) 
and U is the recombination rate (m−3 · s−1) [14] 

following expression of the TCCdiff is obtained: 
     1 d Jdiff−sat q Va 

np − n2 
TCCdiff = 

Jdiff−sat d T 
− 

kT 2 
. (13) 

  E −E         E −E     
 

where n and p are the electron and hole concentrations Jdiff−sat is developed, and the contributions of the N and P 
(at · cm−3), τe,h are the lifetime of electrons and holes (s), regions ( J and J ) are separated 

Ei is the energy level of the midgap (eV), and Et is the energy 
diff−satn diff−sat p 

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 (τe,h = τ ). 

 

With 

Jdiff−sat = Jdiff−satn + Jdiff−sat p. (14) 

2) The np product is constant in W . 

3) The recombination occurs at the midgap (Et Ei ). 

Therefore, U is equal to 
Jdiff−satn, p = q 

2 
in, p 

 
 

(l − Wn p)Nd a 

!

. (15) 

n 
2 exp qVa      − 1 

τ(n + p + 2ni ) 

U varies in W because the sum n + p depends on the 

Then, (15) is developed by separating the contributions of 

Jdiff−satn,p using the logarithmic derivative and (1) 

   d Jdiff−satn, p   
= TCDn p + TCNIn2 p2 − TCLWn p (16) 

2 

2 

(6) 

a d 

τ 2τ 

8) The lifetimes of the charge carriers in the P and N Jrec ≃ q · (9) 

J = Jdiff + Jrec. (2) Jrec− sat = (11) 

Jdiff−sat = q . (5) 

τh n + ni exp Nevertheless, for a better understanding of the TCCdiff, 

(13) is discriminated into different physical parameters. Thus, 

U = 

, , , 
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location. It reaches a maximum when the sum n + p is Jdiff−satn, p · d T 
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where TCDn,p, TCNIn2,p2 and TCLWn,p are the temperature With 
coefficients of Dn,p, n2 and l − Wn,p. This expression of the  ∫  

 

TCC 
in, p 

diff is th us obtained 
NT 

Egn0,p0 = 1, 17 − γ1 ln 
γ
 

NT 
+ ln 

γ
 

2 

+ γ3  (25) 
TCC = 

Jdiff−satn 
2 2

 

diff 
Jdiff−sat 

(TCDn + TCNIn2 − TCLWn) 
J q V where E gn0, p0 are the bandgaps in N and P regions (in eV) 

+
 diff−sat p 

(TCDp + TCNIp2 − TCLWp)−
 a 

. at 0 K and α, β, γ1, γ2, and γ3 are constants. In this article, 
Jdiff−sat kT 2 

(17) 

we consider that NT Nd,a for N and P regions. 

Finally, by using (24) and (25), we express TCNIn2,p2 

If p+n or n+ p diodes are considered, Jdiff−sat depends only + 
1 TCNIn2, p2 = 

 

 

2 
in, p 

 

 

=
 3 

+ 
q

  
Egn0, p0 

+
 αβ 

.
 

on one region (P or N). For a n 
(17) is approximated 

p diode ( Jdiff−sat ≈ Jdiff−sat p ), 

q V 

2 in, p 
T k T 2 (T + β)2 

(26) 

TCCdiff ≈ TCDp + TCNIp2 − TCLWp −
 a 

. (18) 

1) Temperature Coefficient of Diffusion Coefficients: Consid- 

3) Temperature Coefficient of the Lengths of Neutral 

Regions: The expression of TCLWn,p is simplified as 

ering a nondegenerated semiconductor, Dn,p can be written 
using the Einstein relation [14] 

TCLW 
d(ln,p − Wn,p) 

(ln p − Wn p)d T 

  1 d Wn,p 

= 
Wn p − ln p  d T 

. (27) 

Dn p = µn p 

kT
 (19) Then, the expressions of Wn,p are developed [14] 

 
, ,    

q
 

where µn,p are the mobilities of charge carriers 

(m2 · V−1 · s−1). Assuming that the electric field E is With 
Wn,p = Cwn,p

√
Ф0 − Va. (28) 

low enough, the mobility saturation effects are neglected. The 
 

 

  
  2ϵ ϵ N 
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NT (at · cm−3). Moreover, E is considered to be applied in          
 

 

(29) 
 

µn, p = µn, p−300 K 

  
300

 δ
 

 

 

 
(20) 

where Ф0 is the diffusion voltage (V ) and Cwn,p are parameters 

independent of T . 

where µn,p−300 K represent the mobilities of minority charge 
carriers at 300 K and δ is a parameter between 1.5 and 2.7 [20], [21], [22]. We choose to fix δ such as δ = 1.5. We calculated 

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

d Wn, p   Cwn, p dФ0 = . (31) 
 

µn,p−300 K using the Masetti et al. [23] model. By using (19) 
d T 2

√
Ф0 − Va d T 

and (20), (21) is obtained to express Dn,p By using (28) and (31), TCLWn,p is expressed as 

Dn, p = CDn, p · T 1−δ. (21) TCLW = √
−Cwn, p   

√  × 
dФ0 

. 
 

 

The parameter CDn ,p (k/q)µn ,p−300 K300δ is independent 
of T . Therefore, the TCDn,p is expressed as 

n, p 
2(l n, p — Cwn, p Ф0 − Va) Ф0 − Va d T 

(32) 

TCD = TCDn p =
 1  d Dn, p 

= (1 − δ) · T −δ. (22) 

2) Temperature Coefficient of the Square of the Concentra- 

tion of Intrinsic Carriers: These forms are used for nin,p [15] 

4) Analysis of the Contributions to the Temperature Coeffi - 

cient of Diffusion Current: Fig. 1 illustrates the results of the 

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

  
  T   

  

  
 

q E  
 

 example, its value goes from 14.5% · K−1 to 4.05% · K−1 for 

where N 
 

c,v are the effective density of states for the conduction −3 

independent of Va (22) and (26) and are around 15.9% · K−1 
and −0, 01% · K−1. Then, the TCLWp (32) depends on Va and 

and the valence bands at 300 K (m ) and Egn,p are the 

bandgaps in N and P regions (eV). 

We consider that Egn,p 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] 

is around 0.07% K−1. Afterward, we consider that TCD and 
TCLWp can be neglected compared to TCCdiff. Indeed, in most 
cases, the sum of these terms is lower than 5% of TCCdiff. 

This affirmation is  valid when Wp is smaller than l p such as 
Wp < 0.95 l p. In this case, we modify equation (18) for 

the TCCdiff of n+ p diode 

Egn, p = Egn0, p0 

αT 2 

— 
T + β 

.
 

(24) TCCdiff = TCNIp2 − 
q Va 

. (33) 

300 
v in, p 

T 

Ф0 = 

wp wn 

µn,p are dependent on phonons and impurities concentrations 

d T n 

dn 

minority charge carriers are in equilibrium with the lattice and C = 
q(Nd + Na) Nd q(Nd + Na) Na 

the same direction as the charge carriers’ movement. Under 

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

n 
2 

exp − (23) Va between 0.1 and 0.9 V. The TCNIp2 and the TCD are 
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1) Temperature Coefficient of Concentration of Intrinsic Car- 

riers: The TCNIn,p is simply obtained by using (26) 

TCNIn p =
   1   dnin, p 

= 
TCNIn2, p2 

. (37) 
 

, nin p   d T 2 
2) Temperature Coefficient of Electric Field: Fnp is different 

for diodes with symmetrical (Na = 
+

Nd ) or asymmetrical 
(Na Nd ) doping levels [18]. For a n p diode, Fnp is equal 

to 

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

q Na(2Vbip − Va)   
1/2

 

ϵ0ϵr 
(38) 

where Vbip is the built-in potential (V ) in the space charge 

region Wp [18]. The TCFnp is obtained using (1) and (38) 

TCFnp = 
  1   d Fn, p 

=
 1 d Vbip 

. (39) 

Fn,p   d T 2Vbip − Va d T 

For diodes with symmetrical doping levels, 2Vbip is equiv- 

alent to Ф0 [18]. Therefore, TCFnp is equal to 

TCFnp = 
  1   d Fn, p 

=
 1 dФ0 

. (40) 

Fn,p   d T 2(Ф0 − Va) d T 

Fig. 2. Evolution of the temperature coefficient of diffusion current as a 
function of the applied voltage for D1, D2, D3, D4, and D5 at 300 K. 

 

 
The formulation obtained in (33) is similar to the TCCdiff 

of long diodes found in the literature [9], [13]. 

Finally, the influences of Na,d and l p,n are represented 
(Fig. 2). This Figure shows the TCC (17) for five diodes 

3) Temperature Coefficient of Minority Carrier Lifetimes: τn,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 τn,p is proportional to T η where 0      η     1.77 between 

300 and 400 K [20]. This expression is obtained 

as a function of V at 300 K where diff 1020 at · cm−3.   τ300 K  
  

  T   
 η

 

a Nd = τn, p = 
1 + NT  

 300 (41) 
In Fig. 2, Na,d and l p,n have a significant influence on the 

TCCdiff. For the same Va, the TCCdiff is higher when Na is 
smaller. There is a rise of 1% · K−1 when Na decreases from 

Nref 

where τ300 K is the low concentration lifetime of charges 
carriers at 300 K (s), N = 1017 is the roll-off concentration 

1020 to 1018 at   cm−3. Concerning l p,n, the TCCdiff diminishes 
when l p,n decreases from 150 to 35 nm. This change is only (at · cm−3), NT 

ref 

= Nd,a for N and P regions. Here, we choose 

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 
TCCrec = 

Jrec   d T 
. (34) 

Then, using (10) and (11), (34) is discriminated into differ- 

ent physical parameters such as TCCdiff 

to approximate η and fix its value to 1. Therefore, TCτn and 

TCτp are equal 

TCτ 
1   dτn, p 1 

. (42) 
τn,p   d T T 

4) Analysis of the Contributions to the Temperature Coeffi- 

cient of Recombination Current: Fig. 3 illustrates the results of 

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

charge carriers at 300 K, τ300 K is equal to 10−8 s. The 
TCCrec and its contributions (36) are represented as a function 
of Va. In Fig. 3, the TCCrec decreases from 7.7% · K−1 to 

TCCrec = 1 + TCNI − TCFnp 
 q Va  

— TCτ − 
2kT 2

 (35) 3.4% · K−1 when Va is ranging from 0.1 to 0.85 V. For higher 

voltages the TCCrec increases from 3.4% · K−1 to 4% · K−1. 

where TCNI, TCFnp and TCτ are the temperature coefficients 

of ni , Fnp and τ . 

If p+n or n+ p diodes are considered, Jrec−sat depends only 

on P or N region. For a n+ p diode, (35) is approximated 
 q Va  

The TCNIp and the TCτ0 are independent of Va (37) and are 

about 8% K−1 and 0.33% K−1 respectively. Meanwhile, the 

TCFnp (39) depends on Va and raises from 0.73% K−1 to 

2.05% K−1. 
Finally, the influence of Na is represented in Fig. 4. It shows 

TCCrec = 1 + TCNIp − TCFnp − TCτp − 
2kT 2 

(36) the TCCrec of three diodes at 300 K where l = 50 nm, 

Nd = 1020 at · cm−3 and τ300 K = 10−8 s. As shown earlier in 
where TCNIp and TCτp are the temperature coefficients 

of nip and τp . 

the diffusion regime, the TCCrec evolves also with the doping 

level (Fig. 4). When Na decreases from 1020 to 1018 at · cm−3, 
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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. 

 

Fig. 4. Evolution of the temperature coefficient of recombination current 

as a function of the applied voltage for D1, D4, and D5 at 300 K. 

 

 
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) 

Fig. 6.   (a) J–V characteristics and (b) TCC of D7 at 300–400 K. 

 

 

define Va−int which is the value of Va where Jrec     Jdiff. 
For D1, it is represented by a dashed black line in Fig. 5. 

Va−int illustrates the transition between the TCCrec and the 

TCCdiff. For instance, Va−int      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 1018 

to 1020 at · cm −3. The other parameters as τ 300 K and ln, p  

only change the value of Va−int. When the ln,p varies from 

50 to 150 nm, Va−int increases from 0.38 to 0.48 V. On the 

other hand, when τ300 K raises from 10−9 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 τ300 K increases (11). 

Finally, Fig. 6 represents the J –V characteristics and the 

TCC of D7 (Nd  1020 at cm−3, Na 1018 at    cm−3, ln,p 

50 nm, τ300 K 10−9 s) at 300–400 K. 
In Fig. 6, the TCC decreases as T increases. The reduction 

depends on Va. For instance, the TCC reduces from 5.9% · K−1  

to 5.6% · K−1 at 0.4 V and from 6.9% · K−1 to 4.5% · K−1 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. 

 
III. RESULTS 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 10−8 s, NSHRN NSRHP 1017 at cm−3 
and LT.TAUP LT.TAUN 1. Other used parameters are 
the default parameters of the models BGN, CONSRH, and 

TCC = 
Jdiff 

× TCC Jrec + × TCC . (43) MASSETTI [27]. We study two diodes: D1 where Na = 1018 

J 
diff 

J
 rec 

at · cm−3, Nd = 1020 at · cm−3, ln,p = 50 nm, τ300 K = 10−8 s 

Fig. 5 presents the J –V characteristics  and the TCC of 

five diodes at 300 K where Nd        1020 at cm−3. The 
other parameters are displayed in the legend. In Fig. 5, the 
TCC always evolves in the same way with Va. In the low 
injection regime, when J      Jrec, the TCC decreases when Va 

increases. Subsequently, when Jdiff becomes close to Jrec, there 
is an elevation of the TCC when Va increases. Finally, when 

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

and D5 where Na,d      1020 at   cm−3, ln,p       50 nm, and 

τ300 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 D1 and D5 at 300–400 K. 

 
TABLE I 

PHYSICAL  PARAMETERS  OF  THE  DIODES 
 

 

 
  

 

 

 

  

 

 

 

 

  

 

 
 

 

Fig. 8. (a) J–V characteristics and (b) TCC obtained with experimental  
results (EXP) and our AM at 300–400 K. 

 

 

0.35%   K−1 at 0.3 V and 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 I). 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 a l. [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 300–400 K (Fig. 8). 

In Fig. 8, we use the same lengths and average dopings as in 

Table I. The τ300 K is the only parameter used to fit the model 

with the experimental results. The τ300 K is about 5 4 10−9 s 

for our diode [28] and 4 10−8 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−1 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 voltages due to Rs . 

 
IV. 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 regions. 

In both conduction modes, the intrinsic carrier concentration 

nip,n 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 

voltages 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-level injections and at 300–400 K. 
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