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In this paper the results of the development of a semi-analytical model of the temperature response curve of silicon temperature diode
sensors for the case of an arbitrary current transport mechanism, and a physical model that allows for high-precision determination of
the temperature response curve for the case of diffusion-dominated current transport are presented. The results obtained using
calculations based on this model were compared with experimental data, which showed their correspondence over the entire
temperature range.
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INTRODUCTION

Currently, temperature sensors are effectively used in various fields of technology, such as personal computers,
mobile phones, vehicles, medical devices, industrial installations, power plants, and many others. In recent years, with
the widespread adoption of concepts such as the "Internet of Things" and "smart technologies," various sensors, including
temperature sensors, have been utilized even more actively [1]-[6]. Additionally, temperature sensors are also used as a
key component of other types of sensors, such as pressure sensors, humidity sensors, mass flow gas sensors, bolometers,
and many others [7]-[9].

To meet the new demands arising from all these applications, research is being conducted on the development of
new temperature sensors based on various principles and made from different materials [10]-[16]. However, in order to
take temperature sensor technology to the next level and establish large-scale production, it is necessary to study the
impact of technological and structural parameters on their working principles. In other words, it is essential to answer the
question of how sensitive sensor parameters are to processes at each stage of their manufacturing technology. The most
effective way to achieve this is through modeling.

First and foremost, for the correct interpretation of the sensor’s working principle, it is crucial to create a model that
closely reflects reality. That is, such a model should not require precise data on material properties but should accurately
reflect the primary physical characteristics of the sensor. During the design phase, it is more important to correctly
describe how relative changes in input variables affect the sensor’s operation than to precisely calculate absolute values.

Thus, the main objective of this work is to develop an optimal physical model for silicon diode temperature sensors.

RESEARCH METHODOLOGY
In this section, a physical model of silicon diode temperature sensors is proposed, allowing the determination of the
temperature dependence of sensitivity for any current transport mechanism through the sensor.
As is well known, the process of current flow in diodes based on a p — n junction can generally be expressed as
follows:

I=1I [exp (%) - 1], (1

where: I is the saturation current, q is the charge of an electron, V is the voltage applied to the diode’s p — n junction, k
is Boltzmann’s constant, T is the absolute temperature, and n is the ideality factor.
We introduce the following notation:

I} = Iexp (%) (2

where: V}, is the built-in potential.
Considering equation (2), equation (1) can be rewritten as:

1= 5 forp (22 exp (-2 o
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, since V;,~0.6 -~ 0.8V and — = 0.026V, so the second term in equation (3) can be

At room temperature, Vj, » X
neglected. Under forward bias and with the voltage equal to Vj, the first term inside the brackets in equation (3) will be
equal to 1, and the current through the diode will be I5. Thus, the physical meaning of I is the saturation current under
forward bias, while I represents the saturation current under reverse bias. These cases are graphically illustrated in Fig.

1, showing tl,le dynanslics of charge carrier movement in the p — n junction
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Figure 1. Dynamics of charge carrier movement in a p — n junction
a) drift and diffusion currents under reverse bias, and b) forward bias

From Figure 1a, under reverse bias, the electron concentration in the p —region is equal to n?/N,, where N, is the
acceptor concentration, which, in the first approximation, does not depend on temperature, while n; (the intrinsic carrier
concentration) is temperature-dependent. As the temperature increases, the concentration of minority charge carriers rises,
indicating that the reverse saturation current /s depends on temperature. From Fig. 1b, under forward bias, the electron
concentration in the n —region depends on the doping level N, and does not change with temperature. Therefore, it can

be concluded that I3, in the first approximation, is temperature-independent for any current transport mechanism.
Thus, I; defines the saturation current under forward bias and does not depend on temperature, while I is the

> 'S
saturation current under reverse bias and is highly temperature-dependent
From equation (1), the voltage across the p — n junction can be determined as:
KT Iy | mkT Is
V=V, - 4 2 l(1+1) (4)
To eliminate the term I3, which depends on technological parameters, we can use the voltage V(T,) determined at
a reference temperature T,:
V(To) = Vil(To) =2 1nS 4 200 n (1 4- 5C2) )
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Substituting the term In 175’ determined from equation (5), into equation (4), we can derive the following equation:

VT) = V1) = £ (V(Ty) = V(T 1) + 2 1 (2250 ©

This expression, being a semi-empirical model, allows for the determination of the temperature response curve of
diode sensors for any current transport mechanism.

To construct a complete analytical model in this work, we consider the diffusion mechanism (n = 1), which is
typically the dominant current transport mechanism in diode temperature sensors. It is known that for the diffusion
mechanism, the saturation current I, the contact potential difference V;, and the effective saturation current I; are
expressed as follows:

o () | () ,
s = qan; LyNp + LnN 4 ( )

E kT NyN
Ve =2 - (F1E) 8
k q q NaNp ®)

. LyNg  LnN
II=q (P_A + n_D> )

Tp n

Considering expressions (7)-(9), equation (4) can be represented as:
Lp(DNAT) | Ln(DNp(T) K (T) k_’r# (T)
= EM _ kT (Ny(DNe(D)) _ kT q( ™ () ) kT qAnf(T) (‘1”” a"

v ==-3 n(NA<T)ND(T)) i T I L omm T o (10)

From this expression, it is clear that the voltage-temperature dependence in a forward-biased diode is determined by
many variables. In particular, the primary temperature-dependent parameters are the lifetime of minority carriers 7, carrier
mobility u, and the bandgap E,. Typically, in the first approximation, the temperature dependence of 7, u and Ej is
considered negligible, and only the temperature dependence of the intrinsic carrier concentration n; in semiconductors is
considered [17]-[19].

In this work, we aim to develop an analytical model of diode temperature sensors that considers the temperature
dependence of all physical quantities (n;, 7, 4, Eg, Np). To achieve this, we used models from studies [20], [21] to
determine carrier mobility and lifetime. It is known that in this model, the lifetime changes due to additional deep levels
are not considered, and for such cases, the lifetime is assumed to be independent of or weakly dependent on temperature.
For the temperature and doping dependence of the bandgap width, we used the model from study [22]. The proposed
model also considers the temperature dependence of the ionized impurity concentration.

RESULTS AND DISCUSSION

This section presents the calculations performed based on the proposed model, their comparison with experimental
results, and general conclusions. Figure 2 shows a comparison of the voltage dependence on temperature, calculated using
the developed analytical model, with experimental data. From the figure, it can be seen that there is good agreement
between the experimental data and the analytical calculations across almost the entire temperature range. However, it
should be noted that this analytical model is applicable only when the diffusion mechanism of current transport is
dominant. In cases where the experimental results do not align with the analytical model’s predictions, it is recommended
to use a semi-empirical model based on formula (5).
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Figure 2. Temperature response curves for silicon diodes: Figure 3. Temperature response curves for Cases 4, B, C, and D.

1 — analytical model (9); experimental data: 2, 3 —[23], 4 —[24].
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Thus, using the analytical model that describes the temperature dependence of the voltage across a forward-biased
diode, calculations were performed for the following cases: when only the temperature dependence of n;, was considered,
while the temperature dependence of the parameters Ny, T, 4, and E; was not considered (Case 4); when the temperature
dependences of n;, N, and E,; were considered, but the temperature dependences of 7 and u were not (Case B); when the
temperature dependences of n;, Np,, E; and u, were considered, but the temperature dependence of T was not (Case C);
and when the temperature dependences of all parameters were considered (Case D) (Figure 3).

Figure 3 illustrates the differences between these cases, showing that ignoring parameters such as the concentration
of partially ionized impurities, bandgap width, carrier mobility, and carrier lifetime is not always appropriate.
Furthermore, it can be observed that in Case D, the temperature sensitivity curve is steeper compared to the other cases.
This indicates higher temperature sensitivity for this case.

CONCLUSIONS

In this work, a semi-empirical model of the operation of a p* — n diode was developed, showing the behavior of
the structure without considering the ideality factor, i.e., assuming independence of the processes in the diode from current
transport effects in the structure. Additionally, a complete model of a working diode was built, which considers the effects
of incomplete impurity ionization, narrowing of the bandgap, total mobility of free carriers and lattice mobility, as well
as the deviation of carrier lifetime depending on temperature. The consideration of the models mentioned above allowed
for the graphical determination of the electro-physical and structural parameters in the form of temperature response
curves.

Considering all parameters that play a crucial role in determining the diode’s performance limits, the proposed
complete model was studied based on four cases (4, B, C, D). Depending on the application areas, the optimal cases were
identified. Determining the optimal variant by selecting materials and technological parameters during the production
process is important for improving product quality and ensuring the reliability of manufacturing processes. The smaller
the model error, the faster and more reliably the optimal variant can be determined and the correct operation of the diode
evaluated.
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V miit po6GOTIi IpeacTaBIeHO pe3yabTaT! pO3pOOKN HAaMiBaHATIITUIHOI MO/ TEMIIEPAaTypHOI BiIryKOBOI XapaKTEPUCTUKH KPEMHIEBIX
JIOMHHUX TEMIIepaTypHUX NATYMKIB JUIS BUIAAKY JOBUIGHOTO MEXaHi3My IEPEHECEHHs CTPyMy, a TakoX (i3HmdHOi Mojeni, ska
JIO3BOJIIE 3 BHCOKOIO TOYHICTIO BH3HAYaTH TEMIICPATypHY BIITYKOBY XapaKTEPHCTHKY Ul BUMAAKy AnQy3iiiHO JTOMIHOBaHOTO
nepeHeceHHs cTpyMy. OTpUMaHi pe3yIbTaTH, PO3paxoBaHi Ha OCHOBI I1i€i Mojiei, Oy MOPIBHSHI 3 EKCIICPUMEHTATBHUMHU JaHUMH,

1110 [T0KA3aJI0 1X BiJMOBIAHICTh Y BCbOMY [iana3oHi TeMIepaTyp.
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