ARTICLES

Journal of Semiconductors
(2020) 41, 032102
doi: 10.1088/1674-4926/41/3/032102

JOS

Small-signal modeling and parameter extraction method for a

multigate GaAs pHEMT switch

Lin Luo, Jun Liut, Guofang Wang, and Yuxing Wu

Key Laboratory of RF Circuits and Systems, Ministry of Education, Hangzhou Dianzi University, Hangzhou 310018, China

Abstract: This paper presents an accurate small-signal model for multi-gate GaAs pHEMTs in switching-mode. The extraction
method for the proposed model is developed. A 2-gate switch structure is fabricated on a commercial 0.5 um AlGaAs/GaAs
pHEMT technology to verify the proposed model. Excellent agreement has been obtained between the measured and simu-

lated results over a wide frequency range.
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1. Introduction

Currently, GaAs pHEMT switches play a more and more im-
portant role in RF switching and exhibit excellent perform-
ance in modern communication systemsl' 2. Compared to tra-
ditional devices, GaAs pHEMT switches provide lower inser-
tion loss, higher isolation, and a wider work frequency band.
As the isolation and insertion loss requirements of switches
for different circuits vary, multi-gate structures are also pop-
ularly used in designs.

Accurate device modeling is a very important part of the
semiconductor industry. For HEMT devices, the related re-
search and literature have become popular, but generally
only for common-source structuresB-1"l. However, much less
research is related to the modeling of GaAs pHEMT switch-
esl12-16], GaAs pHEMT switches are common gate devices with
a feature that distinguishes them from other structures. To
prevent leakage of the RF signal, GaAs pHEMT switches are
connected to a sufficiently large resistor at the gate. The
parasitic environment of the GaAs pHEMT switches is differ-
ent due to the unique structures; thus, the traditional small-
signal model extraction method is no longer applicable. A
simple topology cannot accurately describe the performance
of a device with a high frequency!'2. The optimization-based
extraction method is time consuming!'3l. Several different
researches have raised some issues that need to be con-
sidered in the modeling of GaAs pHEMTs['4-16l, The low-
frequency dispersion effect due to surface traps has an eff-
ect on the gate capacitor, and the pulse method is effective
in improving the modeling accuracy!. A significant effect of
the precise multi-capacitive current path on the switch mod-
el precision has been found['?!, The gate leakage prevention
resistors of the switching device contribute to the extraction
of the gate capacitor!'®l. Currently, there are many articles
that mention the modeling of switches!'2-16), but the de-
tailed extraction process for a multi-gate structure is not
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developed.

This paper presents a direct extraction method for GaAs
pHEMT switches with a model that can be extended to multi-
gate devices. In Section 2, the devices involved in this work
and the related measurement instruments are introduced.
The extraction process of the external parasitic parameters
and intrinsic capacitor is described in detail in Section 3. Sec-
tion 4 presents a verification of the model and a comparison
of the simulated and measured data. Finally, the conclusions
of this paper are presented.

2. Devices and instruments

The GaAs pHEMT switches employed in this work in-
clude one switch with the normal common-gate GaAs
pHEMT structure and a GaAs pHEMT switch whose gate is
connected with a blocking resistor. In addition, the meas-
ured device includes a separate open structure for the ext-
raction of the external parasitic capacitors. This device is
grown on a 50 nm thick GaAs substrate as shown in Fig. 1, fol-
lowed by a GaAs buffer layer to improve the effect of sub-
strate defects of the channel. The channel is formed at the
top of the InGaAs layer, and the electrons are provided by
the upper AlGaAs layer. Ohmic contacts are created on the up-
permost layer.

Fig. 2 shows the layout of the dual-gate GaAs pHEMT
switch. The gate length of the GaAs pHEMT switch is 0.5 um,
the total width is 625 um (125 um x 5), whose number of
fingers is 5 with 125 um finger width. and the value of the
resistor switch connected to the gate is 20 kQ. The multi-
gate device is extended with dual, triple and quadruple
gates. An advanced measurement system is used to char-
acterize the considered GaAs pHEMT switches. The instru-
ments in the measurement system include: a Cascade probe
station, which can support on-chip testing; an Agilent
4156C DC power supply to provide a specific bias voltage to
operate the switch at a specific voltage; and a Keysight vec-
tor network analyzer (VNA) for the two-part S parameter
measurements for the model extraction and verification
at 20 GHz.
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Fig. 1. Cross-sectional structure of the dual-gate GaAs pHEMT switch.

Fig. 2. (Color online) Layout of the dual-gate GaAs pHEMT switch
(125 um x 5).

3. Extraction procedure

In this paper, the intrinsic structure of a multi-gate device
can be represented by a series connection of the intrinsic struc-
ture of single-gate switches!'¥, A specific circuit is proposed
in this work as shown in Fig 3. In this circuit, Cy, and C, are
the parasitic capacitors due to the package effects, and Ry,
and Ry, are the parasitic resistors due to the same effects. R,
R Ry Las Ls and Ly account for the parasitic resistors and in-
ductors due to the contacts with the drain, source and gate, re-
spectively. Here, Cyy, Cgs and Cgy, are the gate-to-drain capacit-
or, gate-to-source capacitor and drain-to-source capacitor,
which are the intrinsic capacitors. Ryq and Ry are chosen to
control the voltage of Cg and Cyq, which can improve the ac-
curacy of parameter extraction at different voltages. Ry rep-
resents the channel resistors between the drain and the
source. Rg is a large resistor (20 kQ) that can prevent the leak-
age of the RF signal. The source resistance to the inter-gate re-
gion Ry, the gate-to-gate coupling capacitor Cgyq, and the ex-
ternal capacitor between the drain and source Cy are intro-
duced.

It is of great importance to accurately extract the extern-
al parasitic parameters in the modeling of small-signal mod-
els. An incomplete or exaggerated removal of the extrinsic ca-
pacitors influences the subsequently extracted elements and
thus introduces errors. From the paperl'’], we know that the
extraction of extrinsic parasitic capacitors is achieved mainly
with the following two mainstream extraction methods: (1)
the traditional cold-FET pinch extraction method!'8 and (2)
the open structure method!'?, Since the open structure has
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Fig. 3. Small-signal equivalent circuit of the dual-gate GaAs pHEMT
switch.
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Fig. 4. (Color online) Extracted parasitic capacitances versus fre-

quency.

been designed, the open de-embedding method is used to ex-
tract the parasitic parameters. For the parasitic capacitor, the
open structure has the same size as that of the extraction
switch device. Cy, and Cg, are the parasitic capacitors of the
pad to the ground, and Cy, represents the parasitic capacit-
or between the two sides of the pad.

The imaginary part of the Y-parameters can be ex-
pressed with the following formula:

Imag (Yn) = jw (Cgp + Casp) » (1)
Imag (Y1) = Imag (Y1) = —jwCysp, (2)
Imag (Y2) = jw (Csp + Casp) » (3)
Cyp = Imag (Y + ¥y) Jw, 4)

Csp = Imag (Y, + Yp) /w, (5)
Cysp = —Imag (Y1) /w. (6)

The extracted parameters via Eqs. (1)-(6) are shown in
Fig. 4.
After de-embedding the effect of the pad parasitic capacit-
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Fig. 5. Equivalent circuit of the GaAs pHEMT switch under the condi-
tion (Vg =0V, Vgs=0V).
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Fig. 6. (Color online) Extracted parasitic inductors versus frequency.

ors, the other parasitic parameters can be extracted from the
Z-parameters under the condition (Vg = 0V, Vg = 0 V). The
equivalent topology is shown in Fig. 5. Ry, Rs and Ry are the
parasitic resistors. Ly, Ls and L represent the parasitic induct-
ors. Ry is the channel resistors, and C, represents the effect
of the gate capacitors, including Cy, Cqq and Cygx.

The Z-parameters can be expressed as the following for-
mula:

R
z"=Rd+$+Rg+RG+j[w(Lg+Ld—L)], 7)

wa
. 1
Z-|2 =Zz1 =Rg+RG +_/|:(L)(Lg—w—cb)i|, (8)
Ras . 1
222=RS+7+RQ+Rg+j(ULg+LS—w—Cb . (9)

Since the blocking resistor R; = 20 kQ prevents the leak-
age of RF signal, Ly and Ry can be ignored. The extracted para-
meters are shown in Fig. 6.

After all of the external parasitic parameters have been
removed, the intrinsic parameters can be accurately extr-
acted. However, the gate is equivalent to an open circuit to
the ground because the resistor Rg prevents the leakage of
RF signal. For this case, the equivalent circuit is shown in
Fig.7.

Because the depletion layer under the gate is symmetric,
it can be assumed that:

Cgq = Cgs = Cy,

Rga = Rgs = Ryds- (10)

R, is small enough to be ignored. At this time, the Y-para-
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Fig. 7. The intrinsic part with Rg, which blocks the RF signal.

meters are expressed as follows:

1 .
Y= R_ds + jwCys + Yimp, (11)
1 .
Ypo=Yn= TR — jwCys = Yimp, (12)
ds
1 .
Yzz = R_ +j(UCds + thp' (13)
ds

Yimp represents the intermediate variable of the admit-
tance, and the specific form is as follows:

1

thp = (14)
(ZR ds T —1 ) !
1 9 2jwCq | jwCqg*
2Rgds + =
40 2Rggs + 1 + 1
9 T JjwCy) " jwCyqr
It can be obtained that:

Yn==Yp==Yn=-Yy. (15)

Obviously, the intrinsic parameters cannot be extracted.
Because the channel carrier under the gate is depleted in
the deep-off-state, the intrinsic capacitors are mainly the
fringe capacitance. The intrinsic capacitors (Cg, Cqq and Cy)
should be extracted from the GaAs pHEMT switch without
the gate resistor Rg. The device behaves as a common-gate
structure of a pHEMT. With the effect of the inductor being ig-
nored at low frequencies, considering only the imaginary
part of the Y-parameter, the equivalent circuit is expressed
as follows:

Imag(Yﬂ) =j0J(ng +Cd$)7 (16)
Imag (Y3,) = Imag (V) = —jwCqs, (17)
Imag (Y) = jw (Cgs + Cys) - (18)

The extracted results via Egs. (16)-(18) are shown in Fig. 8.
Under the same conditions, the channel resistors are ex-
tracted by the real part of the Y-parameter:
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Fig. 8. (Color online) Intrinsic capacitances versus frequency for the
common-gate GaAs HEMT without Rc.
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Fig. 9. Equivalent circuits of the dual-gate GaAs pHEMT switch.

Table 1. Intrinsic elements of the GaAs HEMT switch with a gate size
of 5x 125 um.

State ng Cgs Cds ng* Rds
On state 1.5 pF 1.5 pF 20.1fF 74.2 fF 450
Off state 145 fF 137 fF 20.1 fF 64 fF 96 kQ
1
Real (Yy) = ——. (19)
Rds

It is worth mentioning that the gate-to-gate capacitor
Cq4q is adjusted to fit the off-state capacitor values. After all of
the external parasitic parameters have been removed, consid-
ering only the imaginary part of the Y-parameter at low fre-
quencies, the equivalent topology of the capacitors can be ex-
pressed as Fig. 9. The gate is equivalent to an open circuit to
the ground. In the above extraction process, Cgo= Cyq= (g is
verified. Therefore, the imaginary part of Y;; can be derived
as fellow:

1 1
zcg* (ECg + ng*)

Imag (Yy,) = —jw| Cgs + (20)

1 1
ECg + (ECQ + ng*)

Cyg+ can be accurately extracted because (g and Cy; have
been extracted from common-gate HEMTs.

Since all the extrinsic parasitic parameters are accurately
extracted, the extracted intrinsic parameters hardly change
with frequency. Table 1 summarizes the selection of the extrac-
ted values for the on and off states. So far, all the parameters
of the dual-gate switch are extracted completely, and the veri-
fication of the model is discussed in the next section.

4. Model verification

The above extraction method is applied to extract the

Table 2. Intrinsic parameters of GaAs HEMT switches with different
gates.
Gate Dual Triple Quadruple
Cyslon) (fF) 20.1 15.21 11
Cys(on) (pF) 15 212 2.82
Cqyalon) (pF) 15 2.15 273
Rgs(on) (Q) 45 5.76 7
Cys(off) (fF) 20.1 15.21 11
Cys(off) (fF) 137 144 152
Cyqloff) (fF) 145 148 161
Rys(off) (kQ) 96 182 160
Cyq(off) (fF) 64 76.27 121.6

Table 3. The error percentage of GaAs HEMT switches with different
gates.

Gate Dual Triple Quadruple
S11(off) 0.7586 0.909 1.131
S515(off) 2519 2.294 1.981
S,1(off) 2412 2.378 2.066
Sy;(off) 1.362 2518 1.746
Sii(on) 2.257 2477 2.197
S15(0n) 1.157 2.285 2.805
S,1(on) 0.7694 0.6054 0.604
S;,(0n) 2.2924 1.201 0.573

parameters of a GaAs HEMT switch with a measurement fre-
quency range extending from 100 MHz to 20 GHz. Devices
with dual, triple and quadruple gates are verified, consider-
ing a gate length of 0.5 um and a gate total width of 625 um
(125 um x 5). The fitting results of the GaAs HEMT switches
are shown in Table 2.

Fig. 10 shows a comparison of the S-parameters between
the simulation and the measurement of the on and off states
in Smith charts. The agreements between the measured and
simulated data are excellent over a wide frequency range.

The error formulations can be expressed using the follow-
ing equations:

e= |Ssimu (’) - Smeas (’)l
L (Smeas ()"

n

; (21)

where Sgmuand Speas represent the simulated and measured
data sets, and n is the number of data points included in
each data set. Table 3 shows the error percentage of differ-
ent devices. The verification and accuracy are guaranteed.
The percentage errors between the measured and simulated
data are within 3%. Table 3 shows the different errors of each
device.

The insertion loss and isolation results of the GaAs
pHEMT multi-gate switch with a gate total width of 5 x
125 pum are shown in Fig. 11. The results of the modeling
procedure fit the measurements well up to 20 GHz.

5. Conclusion

A small-signal equivalent circuit for multi-gate GaAs
pHEMTs in RF switching mode is proposed, and a direct extrac-
tion method is developed. By comparing the measured S-para-
meters with the model simulation results, it is found that the
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Fig. 10. (Color online) Comparison of the S-parameters between the simulation (-) and measurement (<) over a frequency range of 0.1-20 GHz
for a device with size of 5 x 125 um: (a) dual-gate off state, (b) dual-gate on state, (c) triple-gate off state, (d) triple-gate on state, (e) quadruple-

gate off state, and (f) quadruple-gate on state.

model provides high accuracy and strong reliability. Good fit-
ting results for different gates also confirm the scalability of
the extraction method. This extraction method can be ap-
plied to multi-gate GaAs pHEMT switch devices.
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