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Gallium nitride (GaN) high electron mobility transistors (HEMTSs)
have been extremely attractive in high-power, high-voltage, and
high-frequency fields due to their many merits, including high
power output, high operating frequency, and high breakdown elec-
tric field. Benefiting from their advanced tri-gate structure, Fin-
HEMTSs can significantly enhance gate control and effectively sup-
press device performance degradation caused by short-channel ef-
fects (SCEs) [1]. The structure of the Fin-HEMT is shown in
Figure 1(a), which exhibits a periodic nanochannel structure by
using the etching process.

The small signal model (SSM) of a device not only characterizes
the structural characteristics, but also serves as the foundation for
the large signal model, which is a link between the device and the
circuit [2].

A physical structure-based SSM (named PS-model) and a pa-
rameter extraction method of Fin-HEMTs were proposed. Firstly,
in this model, the parasitic gate capacitance (Cgy) between the
gate and the two-dimensional electron gas (2DEG) was taken into
account, which is calculated using simulation techniques and con-
formal transformations. Secondly, the capacitance between the
trench region and the 2DEG was introduced in the PS-model, in-
corporating parallel capacitors, namely Cys_trench and Cyq_trench-

Results and discussion. The electron concentration dis-
tribution was simulated by using Silvaco TCAD in order to
isolate the control ability of the side-wall gate.  The per-
formance of the device with three different Wpgy, (200, 250,
300 nm) was simulated. Figures 1(b)—(d) show the electron con-
centration distribution of Fin-HEMTs with Wg;,, of 200, 250, 300
nm respectively, under a gate voltage (Vys) and drain voltage (Vgs)
of 0 V. It can be found that the Schottky contact of the side-wall
gate can effectively deplete the 2DEG in the channel along the
Fin width direction, assisting the top-gate to control the carrier
in the channel, and improve the control ability of the whole gate.
Figure 1(e) shows the electron concentration distribution of cross
sections along the Wg;, (200, 250, 300 nm) at the heterojunc-
tion interface, which reflects the influence of the side-wall gate on
the carrier concentration. The electron concentration distribution
in Figure 1(e) can be divided into three regions along the width
direction of the gate.

For the Fin-HEMTS, side-wall gates induce a more pronounced
Cy. At the same time, the parasitic capacitances are also gen-
erated between the trench region and 2DEG, which affects Cys
and Cyq directly. Therefore, in order to build an accurate Fin-
HEMT model, it is necessary to consider the influence of Cy and
the trench region.

The formula of the Cgy_top is shown in (1). Cy gige is
calculated by (2)—(4). Where K(z) represents the complete
elliptic integral of the first class, which can be calculated
rapidly by MATLAB R2023a. And K'(z) = K(z'), z’ rep-
resents the complementary modulus of z [3,4]. The formula
for 2’ is shown in (5). The total C4 is determined by the
Wy and the Fin period (Wgin+Wirench) which is calculated
by (6).

For the trench region, the gate shows a vertical relationship with
2DEG. The capacitance between the gate in the trench region and
the 2DEG can be calculated by the above method. The top view
of the device is shown in Figure 1(f). The capacitance between the
trench region and the 2DEG in the gate-source region is defined
as Cys_trench, and the capacitance between the trench region and
the 2DEG in the gate-drain region is defined as Cyq_trench-
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The PS-model is established based on the physical structure of
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(Color online) (a) The structure of the GaN Fin-HEMTs; (b)—(d) the electron concentration distribution of Fin HEMTs with Wg;y,

of 200, 250, 300 nm, respectively, at gate voltage and drain voltage of 0 V; (e) the electron concentration distribution of cross sections along
the Wgin (200, 250, 300 nm) at the heterojunction interface of the device; (f) the top view of the device in a cycle and the relationship of the
Cys_trench and the Cgq_trench; (g) the stereogram of the device in a cell and the structure of the SSM; (h) the equivalent circuit topology of the
GaN Fin-HEMT, which is called PS-model; (i) the method for extracting the device intrinsic Y matrix; (j) the fitting result of the PS-model
under (—1.6 V, 10 V) and (—3 V, 15 V), black curves represent the measured S-parameters, red curves represent the S-parameters fitting results
using the PS-model, and blue curves represent the fitting results using the traditional GaN HEMT model in [5]. The frequency range for the
S-parameters is 1-30 GHz, and the testing step is 0.1 GHz; (k) comparison of the Cys and Cyq among the Fin-HEMTs with 200 nm Fin width,

250 nm Fin width, and 300 nm Fin width.

the Fin-HEMT, and the structure of the model is shown in Figure
1(g). The equivalent circuit topology (the PS-model) of the device
is shown in Figure 1(h). In the model shown in Figure 1(h), the
parameters inside the dotted line are intrinsic parameters, and the
others are parasitic parameters.

Due to the introduction of Uy, the de-embedding method is
different from the traditional way, which is represented by Figure
1(i). It is worth noting that in order to simplify the calculation,
the parallel structure composed of Cy, Ry, and Ly needs to be
equivalent to the series structure of L/ and R/. The calculation
method of the parameters is shown as (7)—(11).

R, =a/c, (7)
Ll =b/ec, (8)
a = Ry(R; +w’L}), (9)
b= (R2+w?L2)(CyR2 — Ly +w?CyL?), (10)
c= R} +w?(CyR: — Ly + w?CyL2)°. (11)

After the calculation and extraction of model parameters, the
model has been able to achieve an ideal fit in this work. Taking
biases (—1.6 V, 10 V) and (—3V, 15 V) as examples, the fitting re-
sults are shown in Figure 1(j). In order to express the advancement
of the PS-model more directly, the fitting results of the PS-model
are also compared with those of the traditional model [5] in Figure
1(3).

Cgs and Cyy of devices with different Fin widths are analyzed
in Figure 1(k). The Cys and Cyq gradually increase with the in-
crease of V5. As the Fin width decreases, the overall trend of Cys
and Cyq is increasing. It has been proven that the gate capaci-
tance increases with the decrease in Wg;, due to the improved

side-wall gate control in narrower Fin structures.

Conclusion. In this work, a novel SSM (PS-model) for GaN
Fin-HEMT is established. Based on the physical structure of the
device, the PS-model introduces three new model parameters, Cy,
Cys_trench> and Cgq_trench, Which are used to represent the capac-
itance generated between the Fin structure and 2DEG. Because
the new parameters have specific physical significance, parameter
values can be calculated by the conformal transformation, which
can quickly obtain parameter values and improve the efficiency
and accuracy of model establishment. Finally, the PS-model can
accurately fit the S-parameter of GaN Fin-HEMTSs, and the fitting
accuracy is better than 98%.
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