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An improved 16-element small-signal model for InP-based HEMTSs
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Abstract: In this paper, an improved 16-element small-signal topology for InAlAs/InGaAs InP-based HEMTs has

been proposed. The gate-source resistance (R, ) is introduced into the topological structure to characterize the gate

leakage current caused by the short gate channel spacing. The output conductance ( g, ) and drain delay factor

(74 ) are proposed to characterize the impact of drain voltage on channel current and also the phase change by

drain-source capacitor ( Cy ), which can improve the fitting accuracy of S,,.

The parasitic elements are calculated

through open and short dummy structures, and the intrinsic parameters are extracted by Y-parameters after de-em-

bedding the external parasitic parameters.

The ultimate values of parameters are determined by optimization proce-

dure to gain the best fitting precision. The results show that the simulation values of S-parameters and frequency

characteristics fit well with the measured values, and the introduction of R, and 7, reduces the model error. The

accurate and appropriate small signal model for InP-based HEMTs would be of great importance in the design of

high-frequency circuits.
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Introduction

InP-based high electron mobility transistors
(HEMTs) have demonstrated low noise, high frequency
and superior gain characteristics. Therefore, they are
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significantly competitive candidates for various high

co[12] [34]
speed circuits' ', millimeter-wave systems and even
THz applications ", Accurate small-signal model under
certain bias is the foundation of constructing large-signal
model and noise model, which would directly impact the

performances and relate to circuit’ s qualities. Various e-
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quivalent topologies and methods to construct small-signal
model of HEMTs have been developed according to the
device structures, manufacture technology and applica-
tions'*'). However, the existing small-signal models of
HEMTSs mostly utilize the traditional single delay topolo-
gy, which just describe the delay effect of gate voltage on
channel current. Besides, the coupling effect between
gate and channel is almost depicted by a capacitor with a
series resistor.

Well-known, InAlAs/InGaAs structure without InP
etching-stopping layer is a very attractive option for InP-
based HEMTS to obtain high gain and frequency perform-
ances'""!. Two-step gate-recess process coupling high-se-
lective wet-etching and non-selective digital wet-etching
techniques may be intensely proposed to improve the per-
formances and fabrication flexibility. However, the gate-
leakage current would become non-negligible factor with
very small distance between gate and channel. The fitting
accuracy of input terminal would greatly influence the
gain and noise performance of the amplifiers. Mean-
while, the output impedance of InP-based HEMTs is u-
sually situated around the edge in Smith chart. Slightly
inaccurate design would result in the mismatching of out-
put terminal. Therefore, the fitting precision of device
output terminal would seriously impact the gain, output
power and stability characteristics of circuits.

In this paper, an improved 16-element small-signal
topology has been proposed for InAlAs/InGaAs InP-
based HEMTs. The resistance of gate-leakage current
(R,,) is adopted to characterize the non-negligible gate-
leakage current caused by short gate-channel distance.
Meanwhile, the output conductance (g, ) with drain de-

lay factor (7, ) is introduced to improve the fitting accu-
racy of output terminal. Finally, the introduction of R,

ds

and 7, makes the small-signal model much more suitable

for InP-based HEMTs.
1 Device structure and fabrication

Figure 1 shows the schematic cross-section of an In-
AlAs/InGaAs InP-based HEMT. The epitaxial layer
structure was grown on 3-inch semi-insulating (100) InP
substrates by molecular beam epitaxy (MBE). It consists
of an InAlAs buffer, an InGaAs channel, an unstrained 3
nm-thick InAlAs spacer layer, a Si-doped plane, an un-
strained 12 nm-thick InAlAs Schottky barrier layer, and
a composite InGaAs cap layer consisting of a highly Si-
doped In, (Ga, ,As cap layer and a Si-doped In, 5;Ga, 4
As transition layer. All InAlAs layers were lattice
matched with the InP substrate.

InP-based HEMTs’ fabrication processes were simi-
lar with the previous works' >/, The mesa isolation was
achieved by phosphorus acid-based wet chemical etching
till In, 5, Al, 45 As buffer layer. Source and drain Ohmic
contacts were spaced 2 wm apart by lift-off process and
Ti/Pt/ Au metals were evaporated by electron beam evap-
orator without annealing. Subsequently, Ti/Au connec-
tion wires were evaporated to form the coplanar
waveguide bond pads. The final and most important
process was gate process, which included gate lithogra-
phy, recess, and metallization. T-gate patterns were de-

Fig.1 Schematic cross-section of the InAlAs/InGaAs InP-
based HEMT
K1 InAlAs/InGaAs InP %t HEMT 4% i 7m 22 ]

fined by electron beam lithography ( EBL) with resist
layers of PMMA/AL/UVIII. Ti/Pt/Au gate metals were
evaporated and followed by the gate-recess etching
through combining selective etching and digital etching.
Additionally, the dummy open and short devices were al-
so fabricated on the wafer to extract the parasitic parame-
ters related to the bond pads.

2 Extraction procedures

InP-based HEMTs with gate-width of 2 x50 pwm and
gate-length of 0. 15 pum were employed to construct the
small-signal model, which biased at V., =0.0 V, V, =
1.5 V to gain the maximum transconductance and fre-
quency performances. The on-wafer S-parameters were
characterized at frequencies ranging from 0. 1 to 40 GHz
with steps of 0. 1 GHz at room temperature, including
InP-based HEMTs, open and short dummy devices. The
maximum measured frequency of 40 GHz is limited by
the vector network analyzer of Agilent E§363B.

Based on the manufacturing process and operating
principle of InP-based HEMTs, an improved 16-element
small-signal topology is proposed as shown in Fig. 2.
The parameters of topology include two parts: the parasit-
ic elements induced by the pad metals and the intrinsic
elements representing actual device characteristics. R,,
R, and R, are access resistors including Ohmic contact.
L,, Lyand L_ are parasitic inductors in series with access
s G, and €, are parasitic capacitors of
pads. C,, and R; depict the coupling effect between gate
and channel on source side, while C,, describes the

resistors. C

change of depletion region on drain side with bias volt-
age. Specially, C, and C, are a little different for the
unequal electrostatic potential between gate and drain
terminals. C,, reflects the geometric capacitance between
drain and source electrodes. g, is the transconductance
with delay factor of 7. Specially, R, is introduced to
characterize the gate-leakage current, and g
put conductance with drain delay factor of 7

is the out-
All ele-

ments are initially computed through the measured S-pa-

ds

ds*
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rameters and finally determined by optimization proce-
dure to gain the best fitting precision.
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Fig.2 Equivalent topology of InP-based HEMTs
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2.1 Parasitic parameters extraction

The equivalent topology of dummy open device is
shown in Fig. 3, which contains the parasitic capacitors
of C ., C, and C . Therefore, the parasitic capacitors
can be solved by Egs. (1-3) from the imaginary part of
Y parameters, which are obtained by transferring from
the measured S-parameters of open dummy device. The
parasitic capacitance values by this method are shown in

Table 1.

ImY,, :jw(cpgd +Cpg) , (1)
ImY,, =jw(C,y +C,,) , (2)
ImY,, =ImY,, = —jwC (3)
Cpgd
S — Gy

Fig.3 Equivalent circuit of the open dummy struc-
ture
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Table 1 The parasitic capacitors by the open dummy struc-

ture
F1 BERFREFHFINTFERSR
Parameter Value
Che 20 {F
Coa 21 fF
C 4 {F

The equivalent topology of dummy short structure is
shown in Fig. 4. The parasitic resistors and inductors in
series can be extracted by the Z-parameters after de-em-
bedding the parasitic capacitors from dummy short struc-
ture , as depicted by Eqs. (4-6). The computed parasit-
ic resistors and inductors are shown in Table 2.

Z, =R +R, +jo(L +L,) , (4)

7y =er+Rs+jw(Ld+Ls) , (5)

Z, =7, =R, +joL, . (6)
I
i
Cm;d
L L
G. f\fi AN M_D
L,
——Cp Cuu——=
R
y T s
Fig. 4  Equivalent circuit of the short dummy

structure
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Table 2 The parasitic resistors and inductors by the short
dummy structure

K2 BUEREHBININETFERRMFERR

Parameter Value
L, 53 pH
Ly 61 pH
L, 5.7 pH
R, 0.1 0Q
Ry 0.201 Q
R 0.091 Q

2.2 Intrinsic elements extraction

Intrinsic parameters of InP-based HEMTSs can be de-
termined from the measured intrinsic Y parameters after
de-embedding external parasitic parameters, as Eqs. (7-
10). The electron mobility of InP-based HEMTs is very
high so that the drain delay of 7, is approximately equal
to 0. Therefore, 7, and g, can be obtained by transfor-
ming Y,, to real and imaginary parts with trigonometric
formula. The intrinsic elements of InP-based HEMTs are
shown in Table 3.

| ol 1
Y = C - R ’
11 JoLy + 1 +jwcgsRi * Rgs ! )
le = _jwcgd . ’ (8)
. gme_JMTgs
Yy =- 1 +jwC_R,
21 JoCy + 1 +jwC.R, )

Yy = jw(ng + Cga) + ggexp( - jory)
(10)

Table 3 The extracted intrinsic parameters of 2 x50 pm InP-
based HEMTs
#3 2x50 pm InP & HEMT HIAIE S

Parameter Value
Tos 12.4 ps
8m 0.09 S
Co 68.8 (F
Cys 24.2 fF
(o 7.8 fF
R; 6.205 Q
Tds 50 fs
8ds 0.05 mS
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3 Results and discussion

Well-known, InP-based HEMTs are widely used in
high gain amplifiers, especially Cascode topology. Based
on practical experience of circuit design, the output im-
pedance of Cascode pair is usually situated around the
edge in Smith chart. As a result, slightly inaccurate
process would result in the mismatching of output termi-
nal, and finally seriously impact the S-parameters of am-
plifier and even lead to circuit oscillation. Therefore, the
improvement of output terminal fitting precision deter-
mines the characteristics of the amplifiers. As shown in
Fig. 5 (a) and (b), the fitting precision of S,, has been
obviously improved by adding 7,. Potential barrier low-
ering at source terminal would be induced by large drain
voltage, and thus increase the channel carrier concentra-
tion, which is so-called drain induced barrier lowering
(DIBL) effect. As the gate-length is decreased to sever-
al hundreds of nano-meters to gain high frequency per-
formances, the DIBL effect cannot be ignored which
would become very important for short-channel device.
Therefore, the output conductance g, with drain delay
factor 7, is proposed to characterize the impact of drain
voltage on channel current. 7, represents a delay of the
channel current response to drain voltage, which arises
from the delay associated with the potential barrier
change in source region. Besides, the introduction of 7,
also takes the phase change by C,, into consideration,
which could improve the fitting accuracy of S,,.

ds

50 50

—simulated

—measured ——simulated

——measured

-50j -50j

(a) with g4 (b) without g4

Fig.5 The fitting of S,, for models (a) with 7, (b) with-
out 7
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A

Additionally, it is InAlAs semiconductor material
that situates between gate and channel layer for InP-
based HEMTs, and the distance is necessarily smaller
than 15 nm to improve gain and frequency performances
of InP-based HEMTs by two-step gate-recess etching
process. R, is introduced to depict the inevitably severe
gate-leakage current. Finally, the fitting of S-parameters
has been done for model with 7, and R, , as shown in
Fig. 6. It shows that the measured S-parameters demon-
strate a good match with the simulated data.

In addition to S-parameters, the maximum oscilla-
tion frequency (f,, ) and current cut-off frequency (f;)
are also important parameters for high frequency devices.
Among them, f, affects the device power gain, which is

50

« simulated
« measured

10j $21/13 S12%6

-50j

Fig. 6 Comparison of S parameters between
measured and simulated
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more important to the analog circuit. f, determines the
switching speed, which serves as a greater impact on the
digital circuit. The value of f; and f,  are determined by
extrapolating the current gain (H,,;) and maximum avail-
able/stable power gain ( MAG/MSG ) using a least
squares fitting with a -20 dB/decade slope after subtrac-
ting the parasitic parameters due to the probing pads. As
shown in Fig. 7, it can be seen that the simulated H pa-
rameters and gain performance show a good match with
the measured values where f; and f,  are 146 GHz and
220 GHz respectively.
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Fig.7 Comparison of f; and f,, between measured

max

and simulated
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The error factor ( perror) has been widely used to
represent the fitting accuracy of models. Especially, the
error factor of perror involves S-parameters error ( error
S) , stability factor error (error K) and gain error ( error
G). The function is as follows:

(errorS)” + (errorK)* + (errorG)”
3

perror =

(11)

The error factors have been computed for different
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models by introducing R, and 7, gradually, and the val-

ds
ues are shown in Table 4. It is obvious that the small-sig-
nal model with R and 7, has much superior fitting accu-
racy compared to other models, which means the model

is more suitable for InP-based HEMTs.

Table 4 The error factors for different models

F4 FAEEBRMRERETF
Models without Rgs and 7, with Rg; with 7 with Rg; and 7
Perror 0.294 0.269 0.291 0.266

ds ds

4 Conclusions

In this paper, an improved 16-element small-signal
topology has been proposed for InAlAs/InGaAs InP-
based HEMTs on the basis of manufacturing process and
operating principle. R, is adopted to describe the non-
negligible gate-leakage current caused by short gate-
channel distance. The output conductance g, with drain

ds
delay factor 7, is introduced to characterize the impact of
drain voltage on channel current and also depicts the
phase change by C,,, which improves the fitting accuracy
of S,,. The extraction process of all elements in small-
signal topology is given in detail, and the values are ulti-
mately determined by optimization procedure to gain the
best fitting precision. The simulated S-parameters and
frequency characteristics of f; and f,, have shown good
match with the measured values. Exactly the introduction
of R, and 7, makes the small-signal model much more
suitable for InP-based HEMTs. The more accurate small-
signal model is of great significance on high-frequency
circuits design.
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