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Abstract: The purpose of the study is to present a proper approach that ensures the energy con-
servation principle during electrothermal simulations of bipolar devices. The simulations are done
using Sentaurus TCAD software from Synopsys. We focus on the drift-diffusion model that is still
widely used for power device simulations. We show that without a properly designed contact(metal)-
semiconductor interface, the energy conservation is not obeyed when bipolar devices are considered.
This should not be accepted for power semiconductor structures, where thermal design issues are
the most important. The correct model of the interface is achieved by proper doping and mesh of
the contact-semiconductor region or by applying a dedicated model. The discussion is illustrated by
simulation results obtained for the GaN p-n structure; additionally, Si and SiC structures are also
check for presented. The results are also supported by a theoretical analysis of interface physics.
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https://doi.org/10.3390/ The proper design of power semiconductor devices is a real need of high-reliability
electronics10243120 electronics. Thermal management is even more demanding nowadays when electronics

should be efficient, small in size, invisible, and maintenance-free. Silicon devices are still
present on the market, whereas SiC and GalN devices have increased their market share [1].
Since power devices must be large to sustain high current densities, the drift-diffusion
model is still appropriate for modeling the device structure. Furthermore, a suitable CAD
model must correctly take into account electrothermal interactions. Within our work, we
would like to focus on Synopsys Sentaurus TCAD™ software [2]. This software program
is widely used for semiconductor devices simulation. Of course, it is not the only one
available on the market. The other CAD tools used for complete semiconductor physics
modeling are Atlas Silvaco TCAD"™ [3], Comsol MultiphysicsTM [4], Crosslight APSYS™ [5]
and a few more tools developed by universities. However, here, we would like to focus on
the most popular one. Sentaurus TCAD™ offers a vast set of physical models to analyze
semiconductor structures. A user can choose from the drift-diffusion approach through the
hydrodynamic model to the full-band Monte Carlo simulation of charge carrier transport.
- Within this work, we use the thermodynamic model [2], which is based on Wachutka’s
work [6,7]. This model is an extension of the drift-diffusion approach with a rigorous
treatment of heat transport and electrothermal effects present in semiconductors. However,
the energy balance is most often not verified. Even in the application notes [8], where an
electrothermal analysis of an insulated gate bipolar (IGBT) GaN transistor is presented,
Attribution (CC BY) license (https:// this problem is not discussed. Analyzing several other publications devoted to bipolar
creativecommons.org licenses /by / structures such as diodes, [9-12], IGBTs [13], Peltier modules [14], heterojunction bipolar
10/). transistors (HBTs) [15], we find that this problem is also not tackled. We do not want to
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judge if the reported results are fully correct, however, since there are no models details
reported and it is not possible to confirm if all the results are fully validated.

Previously [16], we have presented that in the case of Si, to ensure the power conser-
vation principle, the interface between the contact node and Si must contain a metal layer
and a highly doped Si region. Here, we would like to present that a similar solution can be
applied to GaN and SiC semiconductor devices. We would like to discuss two approaches
that can be used to ensure the power conservation principle.

2. Semiconductor Structures

We have considered three very similar structures. The structure SO, shown in Figure 1a,
represents the most popular approach to semiconductor structure modeling, where a
default ohmic boundary condition is applied to the p- and n-type regions. Thus, there is
no physical representation of the metal-semiconductor (MS) interface. This simplification
does not allow for an investigation of the heat and electron transport in the metal layer.
The structure S1, shown in Figure 1b, contains additional contact metal layers, whereas the
structure S2 also has highly doped metal-semiconductor interfaces. Here, we assumed
it is the Gaussian doping profile and Dy, is the distance where the doping reaches the
bulk level and P;{m o N * are the concentration maxima. The structure S2 reflects more

Dmax
accurately the real structure of metal-semiconductor contact.
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Figure 1. Different structures that can be used to model p—n junction. (a) Structure SO, default ohmic boundary condition.
(b) Structure S1, metal contact. (c) Structure S2, metal-highly doped regions close to the contacts, C = 0.5 um, Dy, = 0.5 pm.

The value of the thermal resistance reflects the effective heat spreading achieved by
the Golden DRAGON package [17]. The highly effective cooling was used to investigate
the correctness of the models for a high current density regime.

3. Metal-Semiconductor Interface Basics

The metal-semiconductor interface may lead to rectifying or linear IV characteristics.
The physics at the MS interface is not trivial. However, from the point of view of semicon-
ductor devices technology, excluding those structures that benefit from the nonlinearity of
MS interface, the role of the MS contact is to establish (only) electrical connection between
the metal paths and semiconductor domain. Thus, linear ohmic contacts are used. Since
the contact is not an active element of the semiconductor device structure, its model is
mostly simplified. Here we would like to show that accurate modeling of the MS interface
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cannot be neglected. The typical energy diagram for an ohmic MS contact for an n-type
or p-type semiconductor can be found in any handbook. The case of an n-type material
is shown in Figure 2b. When the work function relation ¢,; < ¢s is obeyed, the ohmic
contact is created. Fortunately, the linear contact can also be obtained when ¢, > ¢, if the
barrier is so narrow that the tunneling enables the carrier transport, Figure 2d. This type of
contact can be found in SiC and GaN devices. Depending on the barrier height and the
thickness, the linear IV characteristic can be achieved due to the thermionic and/or the
tunneling transport through the barrier [18].

(@)

Figure 2. (a) Energy band diagram before contact for ¢, < ¢s. (b) Classic ohmic contact. (c) Energy band diagram before
contact for ¢, > ¢s. (d) Tunneling ohmic contact.
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Irrespective of the band diagram details at the MS interface, the carrier transport
through the contact also leads to absorption or release of the heat, since the carriers’ thermal
equilibrium energy is different on each side of the contact (Figure 3). This phenomenon is
the well-known Peltier effect.
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Figure 3. (a) Heat absorption by electrons at MS interface. (b) Heat release at MS interface.

The electrothermal simulation of any semiconductor device should not be performed
without an appropriate model of the MS interface. Surprisingly, the most popular model of
ohmic contact is a simple boundary condition where the external potential is applied to a
selected line or surface of a semiconductor. Within this boundary model, charge neutrality
is assumed, and the contact boundary condition acts as a carrier sink [2]. However, this
model, where no metal layer is present, does not allow the inclusion of heat transport at
the interface. In [16], we have shown that this model leads to erroneous results, where the
energy conservation principle is not obeyed. It becomes clear that the contact metal layer
should be included to get the correct results. Here, we present two approaches that ensure
energy balance during electrothermal simulations: the MSPeltierHeat model in Section 4
and the introduction of an additional doping profile in Section 5.1.
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4. Metal-Semiconductor Interface Model

In Sentaurus TCAD™, one can use the MSPeltierHeat model. This model is not enabled
by default. The Peltier heat for electrons Qp, and holes Qp, at the contact are calculated,
as [2]:

Qpn = Jn(anAEy + (1 — an)Aen), Qpp = Jp(apAEy + (1 —ap)Aep) @

For default fitting parameters a, = ap = 1, Aey, = A€, = 0 these equations simplify to

QPn = JuAEy, QPp = ]pAEp/ (2)

where [y, [, are the electron and hole current densities passing the interface, whereas AE,
and AEy, are the energy differences of electrons and holes, expressed in volts, on each side
of the interface. The full MSPeltierHeat model uses the following equations to compute
these energies, [2]:

AEy = @y — Bu(pn +¥nTPu) + (1 — Bu)Ec/q, DEy = P — Bp(¢p +1pTPy) + (1—Bp)Ev/q 3)

where @, is the work function for the metal in V, ¢, ¢, are the quasi-Fermi potentials for
electrons and holes, P, P, are the absolute thermoelectric powers, also referred as Seebeck
coefficients [19], T is the lattice temperature, Ec, Ey are the conduction band and valence
band energies, respectively, and g is the electron charge. With the default values of fitting
parameters used for the thermodynamic model, B, = B, =1, 7n = yp = 1, the model is
expressed as:

AE, = @y — (¢pn + TPy), AEp = @y — (¢pp + TPy) (4)

¢n + TP, and ¢ + TP, are the average energies of electrons and holes, respectively,
on the semiconductor side.

Sentaurus TCAD"™ uses tabulated Seebeck coefficients, P,,, Py, for silicon. The values
are functions of the temperature and doping concentration. It is however possible to use
an analytical model, where P, Py are calculated as [2,19]:

ks 5_ N¢ kg 5_ M
Pn—an<2 sn+ln(n>> Pp—qu(z sn—i-ln(p)) 5)

where k;, = ky, = 1, sy = s, = 1 are model parameters, equal to 1 by default, n, p are the
electron and hole concentrations, and N¢, Ny are the effective density of states for electrons
and holes. These analytical equations are used for SiC and GaN simulations due to missing
tabulated values for these semiconductors. The calculated metal-semiconductor interface
heat values Qp, and Qp, are not considered as volume heat sources and are assigned to
the interface line directly.

5. Simulation Results for Si Structure

Among all the semiconductors available in Sentarus TCAD, the models for Si are the
most reliable and verified in many simulations by a vast number of researchers. Thus, let us
focus on the silicon structure first. The basic quantities that are used in the discussion are:

Peiee = Uac -1 (6)

Prjec is the input electrical power, Uyc and I are voltage and current of the p—n
structure. A part of the input power is transferred into heat and the other is emitted due to
radiative recombination. The power that is transferred into heat is reported by Sentaurus
TCAD"™ as HEATq,;,. If there was no radiative recombination, the following relation
should be obeyed:

Priec = HEAT o141 @)

Then, an Errorp can be defined as:

HEATTotal — PElec
PElec

Errorp =

®)
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If simulations are correctly performed, the Errorp must be close to 0; the input and output
powers must be equal; there is no excuse for the energy conservation principle.

5.1. Energy Balance by Doping Profile Modification

In previous work [16], we have pointed out that for Si and SiC p—n diodes, the energy
balance can be obtained even without the dedicated heat generation/absorption model
for the MS interface. To achieve these results, the appropriate contact geometry must be
ensured. It requires a proper thickness of the metal layer C, a high doping concentration
near the contacts P; ., N} . and a proper thickness of the highly doped region Dpq.
When the parameters are chosen appropriately, the Errorp is minimized. In this paper,
we have investigated this effect more deeply. First, analyzing the MS band structure
(Figure 4c), it becomes clear that the correct results are achieved when the doping is high
enough to shift the Fermi level into the conduction and valence bands for n- and p-type
semiconductor, respectively. Thus, the MS interface is degenerated and the energy barrier,
which usually appears at the MS contact, is shifted into the semiconductor, where the
ThermoDynamic model correctly solves the problem. The energy balance is then achieved,
which is proved in Figure 4b. For the structure without a highly doped contact region, the
input and output powers are different (Figure 4a).

3.0.10737 =
2 —— PElec (W) N o PElec (W)
4 8 o—o—o POut (W) = HeatTotal 061077 ¢ o—o—° POUt (W) = HeatTotal
z 3
[e] a
o
2.0:1073
0.4:1073
1.0-1073+
0.2:1073
Voltage (V) Voltage (V)
0 T T T T T T 1 0.0 T T T T T T T 1
0.4 0.5 07 08 09 10 1.1 12 1.3 055 06 065 07 075 08 085 09 0095
(@) (b)
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>
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Figure 4. Power balance and the energy band diagrams for Si structures S1 and S2; geometry parameters are: C = 0.5 um,

Pr = N7

Amax Dmax

=10 em~3, Dpy = 0.5 pm. (a) Input and output powers for 51; (b) input and output powers for 52;

(c) energy band diagrams for S1 and S2.
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5.2. Energy Balance by the MSPeltierHeat Model

The problem of heat management at the MS interface can also be addressed by the
MSPeltierHeat model, described previously in Section 4. The usage of this model is not
vastly reported. Even in the electrothermal Sentarus TCAD Application note [8], the
MSpeltierHeat model is not applied. The utilization of this model is directly reported in the
work of Conrad [20], however no detailed analysis of the results is given.

For the simulations reported in our work, the default model parameters were used.
The input electric power PElec and output power POut, shown in Figure 5, were calculated
with and without the MSPeltierHeat model.

with MSPeltierHeat ; ]
—— PElec (W) with MSPeltierHeat J
—— POut (W) = HeatTotal 4 0.6-10°4 —— PElec (W) %
—— POut (W) = HeatTotal
without MSPeltierHeat a
—— PElec (W) - without MSPeltierHeat
—e— POUt (W) = HeatTotal 2 oa1gs| —o PElCW)
£ —e— POUt (W) = HeatTotal '
5
[a -
0.2:10734
0.0 +————T—T7oxeapaxane®
0.5 0.6 0.7 0.8 0.9 0.4 0.5 0.6 0.7 0.8 0.9
Voltage (V) Voltage (V)

(a) (b)

Figure 5. Powers calculated with and without the MSPeltierHeat model for (a) geometry S1, (b) geometry S2. The structure

parameters were C = 0.5 um, P

= Nt

— 1021 -3 _
Amax Dmax = 102 em™, Dy = 0.5 pm.

The black lines are recalled from Figure 4 and present the characteristics obtained
without the MSPeltierHeat model. For structure S1, without the highly doped region,
the discrepancy is significant, and no energy balance is achieved. For structure S2, the
conservation principle is obeyed and both approaches give the same results.

6. Simulation Results for SiC and GaN

Similar approaches are used to model SiC and GaN p—n diodes. For these semicon-
ductors, the nickel contact is assumed to have the work function ¢, = 5.15€V, [21].

The difference in power characteristics between SiC and GaN for the S1 structure
(Figure 6a,c) is caused by the opposite type of electrothermal feedback resulting from
a different set of material parameters, energy band gap model, mobility model, and
thermoelectric models.



Electronics 2021, 10, 3120 7 of 10

0.6:107°7 \ ith MsPeltierHeat 06107 with Mseltiertieat
—— PElec (W) | > PElec (W)
1 —— POut (W)
—— POut (W) .
0.4-10734 — 0.4-10731  without MSPeltierHeat
§ without MSPeltierHeat &) 1 —o— PElec (W)
%]
2 {4 —— PElec (W) ‘g 1 —e— POuUt (W)
()] 4
o —e— POut (W) (Heat) &
£0.2:10734 0.2-1073
n? J
0.0 4 —T— 0.0 T 1T —— T *r—r—1" U
| 26 2.7 \2.'8\‘\\ 3 25 26 27 28 29 3
-0.1-107° Voltage (V) Voltage (V)

€Y (b)

with MSPeltierHeat
—— PElec (W)

1.2-10-34 with MSPeltierHeat
| — POut (W) | —— PElec (W)
4 —— POut (W)
— without MSPeltierHeat - |
&) 0.8.1034 —<— PElec (W) 2 0.8-10-3d without MSPeltierHeat
5 { —e— POUt (W) g | —o PElec (W)
3 . z - —e— POUL (W)
o ] o
0.4-1073

0+ T 1
26 28 30 32 34 36 3.8 27 28 29 3.0 31 32 33 34 35
Voltage (V) Voltage (V)

(0) (d)

Figure 6. Input and output powers for SiC and GaN, structures S1 and S2, the structure parameters are: C = 0.5 um,

mex = Ngmax =102 em3, Dpd = 0.5 um, radiative recombination model is off. (a) SiC, S1; (b) SiC, S2; (¢) GaN, S1;
(d) GaN, S2.

The results, shown in Figure 6 confirm that the results are correct when the MSPeltierHeat
model is used, or the additional high doping profile is added in the vicinity of the metal—-
semiconductor interface.

It must be emphasized that the electrical power is equal to the dissipated heat only
when the radiative recombination is not present. Such an assumption is justified for SiC.
However, the radiative recombination cannot be neglected for GaN structures. Of course,
the light is not emitted outside of the GaN power devices, but the internal energy transport
is affected by this process. Being sure of the correctness of the thermodynamic solution,
one can also predict the amount of energy involved in the radiative recombination process
by investigating the difference between input power and dissipated heat. The results for
GaN with radiative recombination model are shown in Figure 7.
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Figure 7. Input and output powers for GaN with radiative recombination model, for structures S1 and S2; structure
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7. Influence of the Doping Profile on Errorp

The results obtained for all three semiconductors confirm that when the doping in the
vicinity of the contact is high enough, the energy balance can be retrieved. The question is
what the doping level should be. To answer this question, let us plot Errorp as a function of
doping concentration peak P N/ for different thickness of the profile Dpp. To make
the comparison possible, Errorp is calculated when the current density reaches 500 Acm ™.

The results depicted in Figure 8 show that the region near the MS interface must be
a degenerate semiconductor with a doping concentration reaching 1-10*'-2 - 102! cm 3.
The doping may be lowered when the thickness of the highly doped region is increased.
Since the modification of the metal-semiconductor interface should not affect the geometry
of the structure, Dy, should be as small as possible.

049 Dy, (um): 2.5um [ 0.05 pm . S%N
-===5j
4 M 5em [ 0.1um il 0.01pm i
0.0 e o

018 1'019 1'020
P+Amaxr N+Dmax (Cmvs) l/

1615 1616 1617

GaN

Errorp (-)

Figure 8. Errorp as the function of doping maxima P; = N3 _for different thickness of the

Amax Dmax

profile Dpp.

8. Summary

It was shown that the Sentarus TCAD electrothermal simulation of bipolar structures
requires an interface that consists of a metal layer and a highly doped semiconductor region.
If the standard ohmic boundary condition is applied, the dissipated power is strongly
underestimated. The energy balance can be achieved if the MSPeltierHeat model is utilized,
or a degenerate semiconductor region is introduced. The power balance must always be
checked when the second method is used since not every doping profile leads to expected
results. The MSPeltierHeat method calculates the heat gain/loss directly at the interface. In
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contrast, the introduction of the doped layer shifts the MS interface phenomena into the
semiconductor, where the Thermodynamic model copes with it.

Author Contributions: Conceptualization, ].W.; methodology, ].W.; validation, ].W., formal anal-
ysis, J.W.; investigation, J.W. and Z.L.; resources, J.P.; writing—original draft preparation, J.W.;
writing—review and editing, ].W. and ]J.P; visualization, ].W. and ].P.; supervision, Z.L.; project
administration, Z.L.; funding acquisition, Z.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

IGBT insulated gate bipolar transistor
HBT  heterojunction bipolar transistor

MS metal-semiconductor
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