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ABSTRACT The lossless and accurate current sensing technology is highly desirable for feedback
control, fast over-current protection, and diagnostics-prognostics development for high-frequency and high-
efficiency power systems. The SenseFET technology, where a current sensor is monolithically integrated
with a power transistor, has been widely used in power ICs due to its high precision and low cost.
However, for a gallium nitride (GaN) lateral power device in multi-finger configurations, the non-uniform
temperature distribution hinders its application in high-precision scenarios. This paper aims to address
this issue through a design method of SenseFETs based on a lumped parameter electro-thermal network
(LPETN) model. Based on the proposed model, the time-dependent temperature and conduction current
distribution are obtained, and the optimized finger selection for the accurate current sense is performed.
The thermal network part of the model is validated by the finite element method (FEM) results, and the
electrical part is validated through LTSPICE simulation. Finally, taking a 50-finger GaN high electron
mobility transistor (HEMT) device as an example, this model is used to select the fingers of a SenseFET
for current sensing. Compared with the traditional method, the proposed approach significantly improves
the accuracy of the SenseFET, which demonstrates its effectiveness.

INDEX TERMS SenseFETs, lumped parameter, electro-thermal network model, Gallium Nitride, power

devices.

I. INTRODUCTION

Due to the material properties and device structure of gallium
nitride (GaN) power devices, such as high critical electric
field, high electron mobility and extremely low parasitic
capacitance, the GaN-based power device has become the
key technology for the next-generation power system featur-
ing high conversion efficiency and high power density [1]. In
a highly efficient power system, the current flowing through
the switching device, i.e., GaN power device, should be mon-
itored in real-time for control or protection [2], [3], [4]. For
example, to achieve high-efficiency zero-voltage switching,

a negative conduction current should be precisely monitored.
In addition, over-current protection is another important
feature to prevent degradation or burnout of the switching
device [5], [6]. The traditional method of current sensing
consists of placing a resistor in series with the sensed
device [2]. This approach results in significant power loss,
especially when the conduction current is high. Compared
with the shunt resistor method, the SenseFET technology is a
lossless approach to monitoring the power device current [7].

The SenseFET is a current sensing technology based on
field-effect transistors, which acts as a current mirror to mimic
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the transistor’s conduction current [6], [8], [9], [10], [11].
The sensing accuracy is related to the placement of the
sense fingers in the power array, since the temperature is
not uniformly distributed across the whole power device. In
addition, the non-uniform distribution of the temperature is
dependent on time and/or mission profile [8], [12]. Therefore,
to achieve accurate current detection, it is necessary to develop
a time-dependent electro-thermal model for multi-finger GaN
high electron mobility transistor (HEMT) devices to obtain
accurate temperature distribution [13]. Based on the transient
results of the electro-thermal model, the optimized placement
for the sense finger is obtained.

In terms of electro-thermal models for power devices,
various approaches have been proposed, including the
analytical models, finite element method (FEM) models,
and technology computer-aided design (TCAD) models [14],
[15], [16], [17], [18], [19], [20]. Although the analytical
models have high accuracy and fast computational algo-
rithms, they have complex geometries and are difficult to
integrate into circuit-level models. For the single-finger gate
devices, the analysis can be performed accurately using
TCAD simulation. However, for the multi-finger structure,
the computational load is high and time-consuming. In
general, the thermal distribution of the multi-finger devices
can be determined through FEM models, but lacking thermal-
electrical interaction.

Therefore, to deal with the above trade-off between func-
tionality and calculation complexity, this paper proposes a
lumped parameter electro-thermal network (LPETN) model,
which can effectively perform fast electro-thermal coupling
calculation. In addition, the calculated thermal distribution
is consistent with the thermal simulation results of FEM,
verifying its accuracy. In terms of electrical characteristics,
this model can effectively characterize the current self-
consistent process of multi-finger devices. Moreover, it can
present the self-distribution effect of the current due to
uneven heat distribution. Finally, based on this model, an
optimal solution for the position of the SenseFET, which can
guide the development of GaN power chips, is proposed.

The remainder of this paper is organized as follows. In
Section II, the temperature stability issue of SenseFETs is
mathematically analyzed, and a design method of finger
selection is proposed. In Section III, a prototype of the
SenseFET is presented with its test results. In Sections IV
and V, a lumped parameter model for a 50-gate GaN HEMT
device is developed, and its accuracy is verified through
comparison with the FEM and SPICE models, which can be
used for the subsequent finger selection. Section VI presents
the results of the finger selection for SenseFETs using the
LPETN model. Finally, the conclusions are drawn.

Il. SENSEFET DESIGN

The SenseFET structure is embedded in the power device,
as shown in Fig. 1(a). In order to achieve perfect matching
of the conduction current, it is necessary to study the
temperature distribution between the power fingers and the
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FIGURE 1. (a) Schematic and (b) equivalent electrical circuit of the
proposed GaN-based SenseFET structure.

sensing fingers. The drain-source resistance of GaN devices
varying at different temperatures, can be expressed as [21]:

Rps(on) = Rpson) CeT=2570n 1)
where T is the device temperature and 7 is the thermal
coefficient of the transistor.

The equivalent circuit is shown in Fig. 1(b), where the
sensing module is connected in parallel with the power
fingers. Since the SenseFET is connected in series with
a sense resistor, the sensing current can be obtained by
measuring the voltage across it. The current sensing factor
(Nsensg), based on the voltage drop across the sensing
resistor, is the ratio between the main current and the sense
current. Accordingly, the total current can be calculated using
the current sensing factor. After considering the temperature
effect, the current sensing factor can be expressed as:

Im Rs(TS) + RSENSE
NSENSE = - = ——F——————

I. RM(TM)
R825°C6(TS—25°C)/77 RsENSE

= + (@)

RM?25°C o(TM=25°C) /n RM25°C o(TM=25°C) /n

where TM and T'S represent the temperature of the mainFET
and SenseFET, respectively. Since the SenseFET and the
mainFET belong to the same HEMT device, it can be
assumed that they have the same 7 value.

To alleviate the temperature dependence of Nggnsg in
the switch, multiple parameters should be adjusted. In
equation (2), the temperature dependence of the second term
can be optimized by minimizing Rsgnsg. Choosing a low-
value sensing resistor is helpful for reducing the temperature
dependence. In addition, due to thermal coupling, the
temperature varies at different finger positions, leading to
a temperature-dependent Nsgnsg. Therefore, when selecting
the SenseFET, the temperature bias should be carefully
considered. In order to reduce the temperature dependence
of the first term in equation (2), a specific finger can be
selected as the SenseFET to compensate for the temperature
inconsistency between the SenseFET and mainFET, which
allows improving the accuracy of the current sensor. Based
on this principle, this study proposes a high-precision
SenseFET design method. The selection of the SenseFET is
made using the LPETN model. The sensing accuracy can
be improved by reducing the temperature bias between the
SenseFET and mainFET.
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FIGURE 2. (a) Microscope picture of the fabricated SenseFET, (b) transfer,
and (c) output characteristics of the power device. (d) The measured
functionality of the SenseFET.

Iil. PROTOTYPE OF THE SENSEFET

In this work, to validate the functionality of the concept
of SenseFETs, a prototype device was fabricated on a
commercial 6-inch GaN-on-Si power device platform, as
shown in Fig. 2(a). Fig. 2(b) and (c) show the measured
transfer and output characteristics of the fabricated SenseFET
device, where the power device has a LGS/LG/LGD/W of
1.5 pm/1.5 pm/22 pm/40 mm and the SenseFET part has
a LGS/LG/LGD/W of 1.5 pum/1.5 pm/22 pm/500 pm. It
is shown that the power device exhibits a VTH of +1.6
V from linear extrapolation, and a RON of 0.55  and a
drain saturation current Ip of 8.4 A. The functionality of the
SenseFET is also measured, as shown in Fig. 2(d), showing
good current mirroring.

IV. THERMAL MODEL

A lumped parameter thermal network (LPTN) method is
used for the thermal modeling and simulation of a SenseFET
structure. The thermal network model is developed and
simulated using MATLAB/Simulink.

A. LUMPED-PARAMETER THERMAL NETWORK MODEL
In this study, a 50-finger AlIGaN/GaN HEMT is simulated,
including a GaN layer on the top, an interlayer, a Si layer, an
attachment layer, and a Cu base layer, as shown in Fig. 3(a).
With respect to heat conduction, the AlGaN barrier layer is
thin enough to be negligible, and therefore it is omitted from
this model. In addition, the source and drain regions of the
device are thermally neglected. The structural parameters of
this simulation model are listed in Table 1.

Fig. 3(b) illustrates the two dimensional cross section of
the structure divided into many blocks by dashed lines.
Several parts inside the case, including the interface layer,
attachment layer, and bottom Cu layer, are represented by
the interlayer. For the horizontal grid, there is one block
below the gate finger, and three identical blocks between
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TABLE 1. Parameters of the simulation model.

Parameter Value Unit
Gate length (L) 2 um
Gate width (W,) 1 mm
Gate-to-Gate spacing (Ly,) 40 pum
Total length of geometry (Liota1) 4 mm
Number of fingers (n) 50 -
GaN thickness (ZGan) 2 um
Interlayer thickness (finer) 1 um
Substrate thickness (foub) 200 um
Reference temperature (77,) 300 K

(a) Package (b) by Ly gllP
1 2 3 48 49 50

£ 2

GaN
Interlayer

Substrate fsuo
(Si)

Substrate

Attachment
Cu Base

FIGURE 3. (a) Cross section of a 50-finger GaN HEMT and (b) part of the
LPTN model.
the two gate fingers. The leftmost and rightmost regions
of the structure are divided into 8 blocks whose lengths
exponentially increase. For the vertical grid, the GaN layer
is replaced by two layers of blocks with layers having a
thickness of 1 um each, and the interlayer contains one
layer. The Si layer is represented by ten layers of blocks,
and each layer has a thickness of 20 um. To simplify the
representation, only two fingers of the HEMT structure are
shown in Fig. 3(b). Accordingly, the whole HEMT structure
is partitioned into 213 grids per row and 13 grids per column.
Experimental verification showed that further increasing the
number of elements has a minimal impact on the results.
Considering only two-dimensional heat transfer, each
block is defined by a node, two thermal resistances, and
a thermal capacitance. The thermal capacitance of each
element is connected between the node and a thermal
ground. The transverse and longitudinal thermal resistances
represent the transverse and longitudinal heat conduction,
respectively. The thermal capacitance represents the heat
storage capacity. The values of the thermal resistances and
the thermal capacitance of each element can be determined
by the material and the element size. The thermal resistance
(Rth) can be expressed as:

Rin = — G)
b <A
and the thermal capacitance (Cth) can be expressed as:
Ch=cpxLxA 4)

where £ is the thermal conductivity, ¢, is the volumetric heat
capacity, L is the length of the heat flow path, and A is the
area normal to the heat flow path. After calculating Rth and
Cth, we can obtain the transient temperature at each node
using the following equation:

T(t) = P x Rth(1 — exp(—t/7)) o)
where T = Rth x Cth.
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TABLE 2. Parameters of the material.

Material Parameters GaN Si
Thermal conductivity (W-m™-K™) 160 148
Specific heat capacity (J-kg'-K™) 490 700
Density (kg-m™) 6070 2330
Volumetric heat capacity (J-m>-K™") 2.97e6 1.63e6

The parameters of the material used in this paper are
presented in Table 2. Thus, the values of the thermal
resistance and thermal capacitance can be determined by
calculation. As a result, the HEMT is translated into a lumped
parameter thermal network.

In the equivalent thermal network, current represents
power, and voltage represents node temperature. Therefore,
the top contacts inject currents corresponding to the dissi-
pated power density at the gate finger node. The voltage
sources and thermal grounds are connected in series at the
bottom of the thermal network, and their value is equal to
the ambient temperature (7,). The remaining surfaces are
considered adiabatic. The temperature value can then be
obtained by detecting the voltage of each node.

Based on the datasheet of the commercial device GaN
system (065-011-1-L) [21], the thermal resistance from the
device junction to the case (R;.) is set to 1.4 K/W. Therefore,
by adjusting the thermal resistance of the interlayer, the
overall thermal resistance of the thermal network is set to
1.4 K/W. In this section, the power input of each gate finger
is fixed at 1.8 W. Since the network is two-dimensional
planar, the input power density is 1800 W/m. The ambient
temperature (7},) is set to 300 K.

B. THERMAL MODEL VALIDATION THROUGH FEM
RESULTS

An FEM simulation was conducted using the COMSOL
Multiphysics software for the abovementioned identical
HEMT structure. In COMSOL, the physics module ‘Heat
Transfer in Solids’ was selected. The heat flux type was then
selected as “heat rate”, and the value was set to 1.8 W per
finger. A fixed temperature of 300 K was set on the bottom
surface. The geometry was then meshed with approximately
65,600 nodes and 127,000 triangular elements.

Fig. 4 compares the surface temperature profiles and
finger temperatures obtained by LPTN and FEM simulations.
It can be seen that the gate finger temperature result of LPTN
model is very close to that of the FEM simulation, with an
error of about 2.4%. For the nodes between the gate fingers,
the temperature results are consistent. The temperatures of
the geometric region outside the outermost grid fingers are
also consistent. The two-dimensional temperature distribu-
tions obtained by the LPTN model and FEM simulation
are shown in Fig. 5. The color bars of the two figures are
identical. This result further indicates that the LPTN model
for the entire structure’s temperature simulation is nearly
identical to the FEM simulation.
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FIGURE 6. Comparison between the transient temperatures of finger 1
and finger 25.

This result demonstrates the consistency of the steady-
state simulation, indicating that the thermal resistance values
in the thermal network were correctly set. For the transient
simulations, the results from the two models were compared
for the 1% and 25" gate fingers. Fig. 6 shows that the
transient temperature results are also consistent. In summary,
the consistency with the FEM results shown in Figs. 4-6
indicates that the proposed simple approach can predict
both the static and dynamic thermal behavior of multi-finger
HEMT structures. Notably, no fitting parameter were used
in the model.

V. SELF-CONSISTENT ELECTRO-THERMAL MODEL

In this section, the proposed electro-thermal model is first
validated through LTSPICE simulation. The LPETN model,
including a constant current source, is then developed for
the SenseFETs design.
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FIGURE 7. Schematic representation of the LPETN model for a constant
voltage source.

A. ELECTRO-THERMAL MODEL VALIDATION THROUGH
LTSPICE RESULTS

In this study, the temperature-dependent model of GS-065-
011-1-L [21] is used as the electrical model. The used drain
current model is given by:

I(Vps, Vis, T, Ty)
— A x (=(T = Ty) x Ay +A3) x log<1 + e26X(Vss*A4))

Vds
x (6)
1+ max(xo +x1 X (Vgs +x2), 0.2) X Vs
Ves = Vs — I x Ry (N
Vas = Vbs — I x (Rs + Rq) (¥

T\5
Ry = B; x B3X(171><B4X(T*Tu))+35><<?> +107*
)]

T\5
Ry =B x B3><(1—1xB4x(T—Ta))+Bsx(T—) +107*
(10)

where T is the channel temperature, 7, is the ambient
temperature, Vgg is the gate-source voltage, Vps is the drain-
source voltage, Rs is the source resistance, and Ry is the
drain resistance. The parameters of the model are presented
in Table 3, which are extracted from the SPICE model of
the GS-065-011-1-L device.

The electrical model of the HEMT device is coupled
with the thermal network model described in Section IV,
as shown in Fig. 7. Power dissipation of each finger in the
electrical model is obtained by multiplying output current
(Ips) by drain voltage (Vpg). It is then used as the input
for the thermal network. The temperature of each finger
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TABLE 3. Parameters of the electro-thermal model.

Parameter Value Parameter Value
A; 0.0322 B, 0.05263
A 0.147 B, 0.94376
A; 30.83459808 B; 10.58¢-3
Ay 1.7 B, -0.004
X0 1.1 Bs 130e-3
X7 0.3 Bs 2.725
X 1.0

LTspice| 14

304 o LPETN

254 (a) """

< <
BT M omom0=0=0=0 B 61
10 s o B w self-heating
w/o self-heating
54 24
04 QOO0 04
Vgs: 1 V-6V, Step: 1 V Vgs: 1 V-6V, Step: 1 V
0 2 4 6 s 10 12 0o 2 4 6 8 10 12

Vps (V) Vps (V)

FIGURE 8. Comparison between the output curves (a) at ambient
temperature of 300 K and (b) coupled with temperature.
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FIGURE 9. The output curves of finger 1 and finger 25 using the LPETN
model.

calculated by the thermal network is subsequently fed back
to the electrical model, as expressed in equations (6)—(10).
The initial value of T is set to 300 K. After iterations, the
output characteristics curve of the device can be obtained,
as shown in Fig. 8. Fig. 8(a) (dotted line) shows the
output characteristics obtained by the LPETN model at a
fixed temperature of 300 K, while Fig. 8(b) (dotted line)
shows the curve with self-heating effects. To validate the
electro-thermal model, electrical properties were simulated
in LTSPICE using the SPICE model available on the GaN
system website. The LTSPICE results are shown in Fig. 8(a)
and (b) (solid line). The two sets of data are highly consistent
with each other, indicating the accuracy of the proposed
electro-thermal coupling model. Fig. 9 shows that different
fingers are affected by temperature in varying degrees,
resulting in different self-heating effects on their output
characteristics curves. The proposed electro-thermal model
can determine the electrical characteristics of each finger,
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FIGURE 11. Temperature distribution of the LPETN model.

significantly reducing computational cost and simulation
time compared to other methods, which is due to the use of
the LPTN model.

B. ELECTRO-THERMAL MODEL FOR SENSEFETs DESIGN

The electrical model given above is used under a constant
voltage source. However, the input of the device is usually
equivalent to a constant current source in an actual circuit.
Therefore, the variation of the on-resistance (RON) with
VGS, Ips, and T, is derived from equations (6)—(10):

Ron(, Vgs, T, Ta) = Rds + Rs + Rq
1
AL X (—(T = Ta) x Ay + A) x log(1 + 6% (Ves=Aa))
—max(xo +x1 X (Vgs +x2), 0.2) x 1

1)
12)

Rys

The variation of the on-resistance with temperature can
be determined using equation (11). All the gate fingers
are connected in parallel. Based on Kirchhoff’s law, the
current of each finger gate can be calculated for a constant
total current. The power of each finger is calculated as
I’R and used as input to the thermal network in order to
compute the finger temperatures which will be fed back
into the electrical model. To better simulate the actual
device, the environmental thermal resistance is added to the
thermal network. The ambient thermal resistance is set to
5 K/W. Accordingly, the thermal resistance of the entire
thermal network (Rj,) is 6.4 K/W, which corresponds to
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the datasheet. Fig. 10 shows the schematic diagram of the
electro-thermal model for a constant current source, which is
used for the SenseFET-based current sensor in the following
section.

VI. OPTIMIZED DESIGN OF SENSEFETs

The LPETN model of a constant current source was used to
simulate a 50-finger gate GaN HEMT device. Fig. 11 shows
the temperature distribution of the device, which increases
due to thermal transfer from its bottom to the environment.
As a result, the on-resistance of the device significantly
increases with temperature. Fig. 12 shows the changes in
current and temperature of each finger over time. As the
temperature increases, the current distribution between the
parallel fingers becomes non-uniform. The middle finger has
higher temperature and larger on-resistance, which results
in a lower current compared with the average one. After
iterations, a temperature difference of 6 K and a current
difference of 4% were obtained between finger 1 and finger
25. As the temperature difference increases, the current
difference also increases. Therefore, the traditional SenseFET
experiences a significant increase in error due to temperature
differences.

In general, increasing the number of fingers improves the
stability and matching of the SenseFET, but also increases
power loss and cost. Therefore, optimization and trade-off are
necessary. In this paper, 1, 2, and 3 fingers were considered
as a SenseFET to characterize the tracking relationship
between the sense current (Isgnsg) and the drain current
(ID). Based on the simulation results of the electro-thermal
model, the fingers having the smallest error were selected as
a SenseFET for higher accuracy, as shown in Fig. 13(a). For
one finger, the algorithm selected finger 7 as the SenseFET,
with an error of 0.058% between the Ispnsg X Nsensg and
ID. For two fingers, finger 5 and finger 41 were chosen
as SenseFET, with an error of 0.0057%. When finger 6,
finger 8, and finger 45 were selected as a three-finger
SenseFET, the error was 0.00021%. The traditional finger
selection method, which selects the edge or middle finger
as a SenseFET, was compared with the proposed method, as
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shown in Fig. 13(b). The errors of the 1-finger (finger 1),
2-finger (finger 1 and finger 25), and 3-finger (fingers 1, 25,
and 26) SenseFETs in the traditional method were 3.2, 1.4,
and 0.8%, respectively. The optimization effect of SenseFETs
with different numbers of fingers is shown in Fig. 14(a).
A comparison between the sensing errors is shown in
Fig. 14(b). It can be seen that the error of the optimized
SenseFET was significantly reduced. This indicates that
the SenseFET designed based on the proposed model can
effectively improve the current sensing accuracy, making
it suitable for high-precision current detection applications
such as in DC-DC converters. In addition, compared to the
traditional method, the computational cost of the proposed
method is negligible. Therefore, the simulation using this
model can assist in selecting SenseFETs during the device
design stage, facilitating the subsequent layout design.

VIl. CONCLUSION

This paper studies a GaN SenseFET technology which can
be easily implemented due to the lateral configuration of
the GaN power device. A lumped parameter electro-thermal
network model is used to achieve an accurate current sensing
of multiple-finger GaN power FETs. A two-dimensional
physical-level lumped parameter thermal network model is
developed to determine the temperature distribution at each
gate finger. The accuracy of the thermal network is verified
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through FEM results. The thermal network is then coupled
with the electrical model to simulate the real-time variation
of gate finger current with temperature. The reliability
of the electro-thermal coupled model is validated through
LTSPICE results. Finally, it is demonstrated that the accuracy
of the SenseFET obtained by this optimization method is
significantly improved compared with that of the traditional
method. Therefore, the proposed approach can be considered
a high-precision current measurement method for GaN power
devices.
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