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Abstract: A surface-potential-based analytical large-signal model, which is applicable to both ballistic
and quasi-ballistic transport in InGaAs high electron mobility transistors, is developed. Based on
the one-flux method and a new transmission coefficient, a new two-dimensional electron gas charge
density is derived, while the dislocation scattering is novelly taken into account. Then, a unified
expression for E f valid in all the regions of gate voltages is determined, which is utilized to directly
calculate the surface potential. The flux is used to derive the drain current model incorporating
important physical effects. Moreover, the gate-source capacitance Cgs and gate-drain capacitance
Cq4 are obtained analytically. The model is extensively validated with the numerical simulations
and measured data of the InGaAs HEMT device with the gate length of 100 nm. The model is
in excellent agreement with the measurements under I-V, C-V, small-signal conditions, and large-

signal conditions.

Keywords: quasi-ballistic transport; large-signal model; InGaAs HEMT; dislocation scattering;

one-flux; transmission coefficient

1. Introduction

With its high frequency, high efficiency, high gain and low noise, InGaAs HEMT
allows for low noise amplifier (LNA) and power amplifier (PA) performance. The most
straightforward way to improve performance is to reduce the gate length. As the continuous
scaling down of InGaAs high electron mobility transistors (HEMTs), the transport is no
longer purely drift-diffusive. When the channel lengths of the devices become comparable
to or smaller than the carrier mean-free-path (MFP), A [1], new physical phenomena, such
as the fully ballistic (carriers experience no scattering) or quasi-ballistic regime (carriers
experience some scattering), emerge. The quasi-ballistic transport is strongly affected by
the scattering events occurring during the transport from the source to the drain, especially
those close to the so-called virtual source (VS). A detailed understanding of the influence of
scattering is important as it is crucial in determining the on-state current of quasi-ballistic
InGaAs HEMT devices. The mechanism of dislocation scattering is found in the III-V
HEMT heterojunctions. Dislocation scattering causes the low lateral mobility of III-V
HEMT devices and the non-monotonicity of mobility that increases first and then decreases
with the increase of doping concentration. When the dislocation density is high, the
dislocation scattering is the dominant mobility-degraded mechanism over other elastic
scattering mechanisms and may severely limit the maximum drain current. In this context,
it is necessary to develop a new analytical large signal model for quasi-ballistic transport in
InGaAs HEMTs incorporating dislocation scattering.

The Advanced Spice Model (ASM) surface-potential compact model [2] for HEMT is
the industry standard model. However, ASM is based on the conventional drift-diffusion
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theory without considering quasi-ballistic transport, as is the model proposed by Khandel-
wal et al. [3]. The outstanding advantage of flux theory is a technique suitable for systems
with channel lengths in the order of or smaller than the mean free carrier path [4]. The
method describes the transport property in terms of a single parameter: the transmission
or backscattering coefficient. The existing ballistic/quasi-ballistic transport models in-
clude scattering matrix-based [5], virtual source-based [6,7], and backscattering coefficient-
based [4,8] works. These models mainly deal with Si devices, especially double gated de-
vices. The basic MIT virtual source-based model for quasi-ballistic transport in HEMTs [6,7]
is presented using an empirical channel charge model. Its further extension version pro-
posed by Rakheja et al. [9,10] does not take dislocation scattering into account. Therefore,
this paper presents a novel surface-potential-based analytical large-signal model for quasi-
ballistic InGaAs HEMTs using one-flux method and incorporating the dislocation scattering.

Unlike the surface-potential-based ASM-HEMT model, the two-dimensional elec-
tron gas charge density (2DEG) is derived using the one-flux method. The transmission
coefficient is introduced to quantify and characterize the quasi-ballisticity. Meanwhile,
dislocation scattering at the heterojunction interface is incorporated into the transmission
coefficient model. Subsequently, using the proposed new charge model, the surface poten-
tial solution is calculated. From it, a compact drain current model, including channel length
modulation, mobility degradation, velocity saturation, drain induced barrier reduction
(DIBL), self-heating and access resistance, is established, which captures various physics
of actual devices. The calculation terminal charges and capacitances are subsequently
presented. The Ef model is first validated by the numerical simulations. The drain and ca-
pacitance model and small- and large-signal model are also validated against experimental
data of 100 nm InGaAs HEMT.

2. Model Development

In the following subsections, the InGaAs HEMT device is first described. Then, a
new analytical large-signal model is proposed for InGaAs HEMT working in the quasi-
ballistic regime. The model is based on the analytical calculation of Surface Potential (SP).
Core model formulation containing 2DEG, surface potential (SP), current, and charges
are presented.

2.1. InGaAs HEMT Devices

The InGaAs HEMTs fabricated in this paper are used as PA. A cross-sectional view of
the InGaAs HEMT is shown in Figure 1. From bottom to top, the device structure consists
of substrate, buffer, channel, 6-doping, spacer, Schottky barrier and cap layer. The InAlAs
buffer layer is grown on a semi insulating InP substrate to alleviate the stress caused by
lattice mismatch between the substrate and the channel. The channel layer is InGaAs, a
narrow-band material, while the spacer layer is made of wide bandgap material InAlAs.
The two materials with different band gap widths are in contact to form a heterojunction
and a two-dimensional electron gas is formed at the interface near the channel layer. The
spacer layer both increases the carrier mobility of the channel layer and reduces device noise.
The spacer, J-doping and Schottky barrier layer are the same semiconductor material. A
heavily doped InGaAs is used as the cap layer to form an ohmic contact without significant
additional impedance.

In InGaAs HEMT devices, the applied gate voltage regulates the built-in electric field
of the heterojunction, which in turn changes the concentration of two-dimensional electron
gas in the channel for the purpose of controlling current. When the gate voltage is less than
the threshold voltage, the 2DEG in the channel is completely depleted and the channel is
turned off. When the applied gate voltage is larger than the threshold voltage, the 2DEG in
the channel increases with increasing gate voltage until saturation.
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Figure 1. Cross-sectional view of InGaAs HEMT.

2.2. A New 2DEG Charge Density Model

When the effective gate length L is less than or equal to A, the one-flux theory is
used. As shown in Figure 2, electron flux is thermionically emitted to the top of the barrier,
which is the so-called virtual source (VS). A fraction ts flows out of the drain and comprises
the steady-state drain current, and a fraction 1-t; backscatters and returns to the source.
Scattering events near the VS which contribute to 1-¢; are the most effective in controlling
the on-current. The flux a,( that constitutes the steady-state drain current at the VS is

ayp = asts (1)

The injected source flux as can be calculated as [9]

as =ovrNa_p Z In [1 + e(Ef*Ei)/Vth} o)
i=0,1

Ey is the Fermi level in the source contact, Eg and E; are the first and the second energy
sub-bands, respectively, when i is taken as 0 and 1. Vj;, = kgT/q is the thermal voltage. kp
is the Boltzmann constant. T denotes the absolute temperature. g is the electron charge. vt
is the thermal velocity of carriers with v = \/2kpT /tm*. m* = 0.035 mp with m* is the low
effective carrier mass and m is the mass of electrons. Np_p is the effective density of states

and N»_p = kpTgyp. g2p is the density of states and gop = 2m™/ 7h?. i is the approximate
Planck constant.

Virtual Source

Source | Channel .\ Drain
Figure 2. Schematic of the model framework.
The charge density rnyg at the VS is inferred from the flux a,g

Nyxo = tsyo /0T 3)
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Then, the 2DEG charge density ns along the channel is

Ymax
m= [ mody = 1Mo Y tn[1 4 e(Fro )] @
0 i=0,1

where 4y is the depth of the 2DEG.
According to [9], the transmission coefficient, s, is functionally linked to both the MFP
A and the critical length L, ¢ of the low-field region near the VS as

A A
BT LA Rl ©

For compact modeling, L.s¢ + A = kLg is obtained semi-empirically. « is the empirical
factor. A is given as follow
A =2Vip/or (6)

where y is the carrier mobility. According to Mathiessen’s rule, various scattering mecha-
nisms are independent. Only dislocation scattering is considered here, while other scatter-
ing mechanisms are incorporated in the subsequent drain current model. i considering
dislocation scattering is expressed as [11]

30v/27e2d? (kpT)*/?
Nyisq® f2Aav/m*

In (7), pgg is the effect of dislocation scattering on the carrier mobility, d; is the

distance between acceptor centers along the dislocation line, f is the occupancy rate of

1/2 is the

W= His) = (7)

the acceptor centers, Ny;; is the density of dislocations, and A; = [ekgT/ (¢°ns)]
Debye screening length.

By inserting (5)—(7) into (4), the new 2DEG charge density can be obtained by the
following expressions

2
ns = (z,BththD)z{ ) In [1 + e(Ef*Ef)/Vth} } ®)
i=0,1
B, 30v2me?a’kp T o

a Ndisquz\/gv m*vTKLg

2.3. Calculation of Surface Potential

In order to calculate the Fermi level E¢, the Schroedinger’s and Poisson’s equations
are solved using the depletion approximation as shown by (10)-(11) [12].

Hy = W%(Vg—Voff—Ef) - (i]g(vgo—Ef) (10)

2

Eop = 0113 (11)

In (10), Cq = ¢/d; (e is the permittivity corresponding to InGaAs and d,; is the barrier
layer thickness) and Vg = Vg — V, ¢ (Vg is the applied gate voltages and V, ¢y is the cutoff
voltage). In (11), ¢ and -y are constants, obtained from experiments [13]. The system
of (8)—(11) can be iteratively solved through numerical calculation methods. However,
these approaches are not suitable for circuit simulation as they are too costly in terms of
computation time [3]. Thus, an approximate analytical solution is proposed. The variations
of Ef, Eg and E; versus gate bias are depicted in Figure 3, which are numerically solved
the above-mentioned equation system. As shown in Figure 3, the curve is segmented into
three different regions. The segmentation region is determined by the position of the Fermi
level E; relative to the energy levels Eg and E;. Among them, region L is called the Sub-V, ¢f
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region, in which the gate bias voltage is less than the cutoff voltage (i.e., Vg < V,ff). In
this region, where ’E f‘ > Ep1 and ns is small, the analytical expression for E; (called
Efsub—voff) 18

Efsub—ovoff = Vg0 — 44/ Cg (2B VipNy - p)?eVso/ Vin (12)

Regions II and III are called moderate and strong 2DEG regions, respectively, where
the gate bias voltage must be larger than the cutoff voltage (i.e., Vg > Vi s).

1.3 -

1 I
--------- Pidh - mmmmmmmmmmmmmm o T
I: Sub-V,,jy:Rtegion
0.8 11 : Moderate 2DEG Region XX
xxxxxxxx
—_
> . °°°°°‘
03 0000000°°°
K
2 o
0.2 b
53] i :
SN b E,
0.7 D = B
D ° E
12 | ] | |
-1 0 1 2 3 4

Gate Voltage (V)

Figure 3. Numerical calculation of Ey, Eg and E; versus gate voltage V;. V, varies from —1to 4 Vin
the step of 0.1263 V.

In the moderate 2DEG region (Ef < Eg, Ef > E7), where heightened electron occupancy
causes an increase in 71, the analytical expression for Ey (referred to as Ey jj) is

2
Y In(BVo) + 70 (52’

2
C.V, 3
Vg0+ Vzth + %70( gng)S

Efir= Vo (13)

G
(2BcVirNa—p)q”

In the strong 2DEG region, where E > Eo,1 and n; saturates, the analytical expression
for Ef (called Ey jyp) is

where § =

Ef 1= Vgo (14)

where k¢ = BNy pViy/ (Cg/q)l/z.
For region II and region III, there is only a single expression for E; (called Ef spove),
which is
Ef,above = VgO (1 - H(VgO)) (15)

Voot Va1 m(8i) ] - % (5)’

H(Vgo) -
Veo (1 + 2%:) +2p (%)

(16)
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Veon and Vg, are given by the interpolation expression as

Vgox = Viottz/ [ V2, + a2 (17)

where x is takenasnort, a;, = ez/ﬁ and oy = V;O/Z/,ka.

For the compact model, a unified expression for E; that is able to cover the entire
range (i.e., all three regions) of the gate bias voltage is required. To meet this requirement,
we have combined the expressions of (12), (15), and (16) to form a unified continuous
expression for Ey (called Ef i fieq) as

Vi, 1n(1 Y m)

) 1/H(V80/€ff) +Cg/ (quzd)e’V&U/th

Efunified = Vgo (18)

Here, H(V £ ) tends to infinity when Vg < V;, ¢ while it is equal to H(Vgo) when Vg > V¢
and Nypg = (4BcNa—p)* V.

However, according to our experiments, in the region where Vg is close to V¢, the
error of Ef ifieq is in the unit of millivolts. In order to improve its accuracy in this area,
the Householder’s method [14] is employed. After applying this method, the final refined
solution of Ey is

X Xr
Ef = Efunified — (1 + E) (19)

The quantities x and z are defined in Table 1 with ko1, Veer, S0, 70, 71, and r. The
refinement of (19) is conducted two times to ensure good accuracy for E;. Knowing the
Fermi potential, the SP ¢ can be calculated by ¢ = Ef + Vy, where Vy is the channel voltage
that equals to Vs at source and V; at drain. Based on the definition, the potentials at the
source (¢s) and drain (¢,) are determined.

Table 1. Expression for quantities used in (19).

Quantity Expression
2
ko 701(Cg/q)*
Vgef Vg*Voff*Efz
So1 exp KE funified — Ko Vgggf> / Vth}
X CoVeer/q— [Z}zo 2k¢ViyNa—p In(&; + 1)]
S
: 1) -1
Yo 8kFVaN3_p, f;+'€i,l (1 + %kivge;)
_1\?2
" <1+%knggf3) (1+ln(§i+1)/éz‘)] / Vi
_4
" (1 + g;l) In(& + 1)kiV,,}
. 2 2 1 -1\
8KV N3_p Elo(ro+71)/ (146;71)

2.4. Drain Current Model
The surface potential calculated at the source and drain ends is used to calculate the
drain flux and current. The flux through the channel to the drain can be calculated as

dn de dn
ap = —yeffnsEx — DTXS = yeffnsa — DTXS (20)

Heff,sat 1S the effective mobility including mobility degradation and velocity saturation
caused by other scattering mechanisms except dislocation scattering. E, stands for the
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electric field along the channel and Ex = —d¢/dx. D is conventional diffusion coefficient
with D = piefs 50t Vi, Obtained by the Einstein relation. Substituting (10) into (20) to get

C d
ap = Veff,sut?g (VgO -+ Vth) g (21)
By integrating (21), we can obtain

Peffsat C
p = =1 (Ve + Vi = gu) s 22)
8

where @45 = ¢4 — ¢s and ¢ = (¢s + ¢4)/2. Based on the flux of the drain, ap, the core
drain current taking care of the channel length modulation can be written as

Ids = qWﬂD(l + lambda - Vds) (23)

W is the gate width. Vjq is the drain to source voltage and lambda is the coefficient
for the channel length modulation. The vertical field mobility degradation due to ionized
impurity scattering and lattice scattering can be modeled as

Ho
) (24)
Heff =7 + HaEyeff + P’bE;Eff

where i is the low field mobility. y, and y; are the first-order and second-order vertical-
field mobility degradation coefficients empirically extracted from experimental data. E, .f¢
is the effective vertical electric field calculated by Gauss’s law as E, .rr = qns/e. With
increase in the lateral electric field, part of the carrier energy is scattered by optical phonons,
leading to the saturation of the carrier velocity. To illustrate this effect, the effective carrier
mobility is modified as

Heff.sat = Refy - Refy (25)
4 2
\/1 N (Veff/VSAT‘ Ex) \/1 + THESAT2¢?,

where Ey = @45/ L. VSAT is the velocity saturation parameters. THESAT is the coefficient
for the velocity saturation which theoretically equals p.¢r/VSAT - L.

In short-channel InGaAs HEMT devices, DIBL effect must be taken into account in a
compact model. DIBL effect causes an increase in the drain current and a decrease in the
threshold voltages. We use the following expression to account for this effect

Vorf,01BL = Vorf — 0Vis (26)

Here, 4 is the DIBL factor. The total current needs to take into account the self-heating
effect and access to region resistances. When the device operates in the high voltage and
high current region, the self-heating effect plays an important role in the drain current.
The self-heating effect is included with a thermal sub-circuit with thermal resistance and
capacitance [15]. The access region resistance can be modeled as in [2].

2.5. Capacitance Model

Using the charge density at any point in the channel as (14), the gate charge equation
is as follows

Qg = — /0 WCq (Vo — @(x))dx 27)
The drain and source charge is defined by Ward-Dutton partition method, we obtain

Ly x
Qi = —Qen (Vg, Vi )dx (28)
0 Lg
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L
Q, = /0 g(l—fg)chg,vx)dx 29)

where Q, is the channel charge. Integrating (27) and (28) from source to drain, the gate
and drain charges are the same as those of the ASM-HEMT model [2].

Vo — Veo(a + @5 — Vi)

0, Wl |
A )

VgO l_ Pm + Vth (30)
+5 (03 + 92 + pugs) - Vth(pm}
WC,L
Qi=— £8 1297 +8¢3 + ¢ (1694
120(Vg0_§0m+Vth)2[ SRS
~5(Vin + 8Vy0) ) + 295 (1203 — 594 5V, + 8Vz0) 31)
+10( Vi, + Vgo) (Vi +4V0) ) + 1593 (3Viy, + 4Vio)

—60Veo (Vi + Vo) + 2094 (Vin + Vo) (2Vi + 5Vg0)}

According to the charge conservation, the source charge is obtained using Qs = —Q¢ — Q-

The intrinsic capacitance can be obtained by using the definition C;; = — %% (i #j) and
j

Cij= %%; (i = j), with i and j corresponding to the device terminals.

3. Model Verification and Discussion

Here, the numerical calculations of Ey are first performed to verify the analytical
solution of the surface potential of the new model. To further validate the entire model, the
drain current, capacitance, small- and large-signal model are verified by experimental data.

3.1. Comparison to Numerical Simulations

The proposed Ef model is simulated for InGaAs HEMT device [16,17]. The comparison
of the analytical solution of E¢ with the numerical solution of (8)—(11) is shown in Figure 4.
As one can see, the proposed model agrees well with the numerical calculation by using
the parameter values depicted in Table 2. The insert in Figure 4 illustrates the relative error
of E¢ unifiea and Ey compared with the numerical solution, in which the error is less than
2% over the entire range of the gate bias except for the area around the cutoff voltage.

Table 2. Parameter values used in the model and numerical calculation for 30 nm InGaAs HEMT devices.

Parameter Values Parameter Values
Lg [nm] 30 d [nm] 24
Vosf [mV] 126.3 [18] ur 2.65 x 107
Nyjs [em™2] 1010 [19] d; [nm] 4.5[19]
0.5 m* 0.035 my
7. 7
c 12.65 ¢ o1 2.26 X 1([)11;11.0 x 10

Since the assumption Ef g, voff &~ Vgo becomes invalid when V; is very close to
Vors, the error of Ey is relatively large in this area, which reaches the maximum value of
13.91%, as proved by the red curve. However, after applying the refinement operation, the
maximum error drops to only 2.41%, as shown by the blue curve in the insert. These results
demonstrate the necessity of the refinement operation and the accuracy of the proposed
Ef model.
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1.3
Proposed E; Model
- o Numerical Solution
£0.3—
m‘\

Error of the Proposed Ej,,,;,; Model

Gate Voltage (V)

Figure 4. Comparison of the proposed Ef model and the numerical solution for the 30-nm InGaAs
HEMT devices. The insert shows the deviation of the proposed E funified and Eg models compared
with the numerical solution.

3.2. Comparison to Experimental Data

In order to verify the accuracy of the proposed large-signal model, the device is used
with a gate length of 100 nm and a total gate width of 150 pm. The basic performance DC,
S parameters, and power characteristics of InGaAs HEMT device were tested.

The drain current and capacitance model are implemented in Verilog-A (VA). Then the
VA file containing the core model is imported into ICCAP software from Agilent. In order to
accurately characterize the S parameter in this experiment, a subcircuit containing parasitic
components is used to characterize the parasitic capacitance, inductance, and resistance in
the device. The simulation is achieved by calling the Keysight ADS simulator in ICCAP
and fitting the model simulations to the test data by adjusting the model parameters. The
extracted relevant model parameters of the device are given in Table 3. A comparison of
the output characteristics (I;s—Vj;s), transfer characteristics (I;—Vys) and transconductance
(gm=Vygs) are shown in Figure 5, Figure 6a, and Figure 6b, respectively. In these cases, the
model and the experimental data are in excellent agreement, indicating a good accuracy of
the drain model.

Table 3. The extracted model parameter values for the 100 nm InGaAs HEMT device.

Parameter Values Parameter Values
Vof{ V] —5732 %1073 VSAT [m/s] 252.4 x 103
po [m=/(V-s)] 959.8 x 1073 vT [em/s] 2.476 x 107
o [V71] 47.69 x 10~ Nyis [em 2] 13.05 x 1010
up [V72] 357.3 x 10718 d; [nm] 4.875
lambda [V—1] 3.971 x 1076 f 0.1642
P 78.94 x 1073 K 1.755
THESAT [V~2] 13.88

The plots of Cgs versus Vs and ng versus Vg5 are shown in Figure 7a and Figure 7b,
respectively. It is clear from the two plots that the variation of Cgs and Cgy with the Vg, is
relatively small, which is due to the fact that the 2DEG charge density is mainly modulated
by the Vgs. At Vs below —1.2'V, the Cgs (ng) versus Vs corresponds to the deep depletion
region of electrons in the buffer layer, where the electrons in the buffer layer are further
depleted after the channel electrons are depleted. The region is mainly characterized by
the fringing capacitance. The extracted values of the fringing capacitance for C¢s and
Cgq are 37.26fF and 24.77fF, respectively. Within —1.2 V < —0.4V, the Cgs (Cgy) versus
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Vs belongs to the 2DEG depletion region, reflecting the gradual depletion of electrons
from the interface to the buffer layer. The steeper the curve in this region, the better the
heterojunction performance. At Vg5 above —0.4V, it can be observed that Cgs tends to
decrease. The observed phenomenon is controlled by the gate-source and gate-drain diode.
The reason is that the depletion charge is reduced due to the gate-source and gate-drain
diodes are turned on. The proposed capacitance model cannot fully cover all trends of
capacitance variation with gate and drain voltages. The fitting results at present have
basically met the requirements, so more detailed optimization was not performed.

118

101

<o
'S

Drain Current (mA)

0.0 0.9 1.8 2.7 3.6 4.5
Drain Voltage (V)

Figure 5. Comparison of the modeled output characteristics with experimental data of the 100 nm
InGaAs HEMT device. Vg5 varies from 2.0 to 0.5 V (bottom to top) in the steps of 0.1 V.

118 118
O Experimental data

O Experimental data
= Proposed Model

101 Proposed Model

101

o0
=
[

A
N
I

Drain Current (mA)
n
=]
I

33 33
16 [~ 16
L | | Z
“20 15 10 -05 00 05 20 -15 -1.0 -05 00 0.5

Gate Voltage (V) Gate Voltage (V)
(@) (b)
Figure 6. Comparison of the modeled transfer characteristics (a) and transconductance (b) with

experimental data of the 100 nm InGaAs HEMT device. Vj, varies from 0 to 4.5 V (bottom to top) in
the steps of 0.5 V.

In Figure 8a—c, S-parameters measured from 2.0 GHz to 40.88 GHz at two gate bias
points. In Figure 8d, large signal RF results varied with RF input power are shown. The
simulated results have been performed using ADS software from Agilent. The variation
in output power Pout, Power Gain, and Power-added efficiency (PAE) for V;; =4 V and
I35 = 23 mA condition in Figure 8d. It is observed that simulated results of these key figures
closely match with the experimental data with the help of the core and various physical
effects model.
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(a) ®)

Figure 7. Comparison of the modeled transfer characteristics (a) and transconductance (b) with
experimental data of the 100 nm InGaAs HEMT device. Vj, varies from 0 to 4.5 V (bottom to top) in
the steps of 0.5 V.

1.0j

2.0

o 0.75% 811 (Vgs=-0.6V))

<075 x $27 (Vg = -0.6V)) Sz Ve = 0'6V)

02j ° S (Vgg =-0.5V) 5.0
a8y (Vgs=-0.5V) V=4V /
Symbols “-: Measure Symbols: /Measure |4
Yas =4V " Solid Line : Model Soild Line: Model | S (Ve =-05V) §§

1.0 20 50 -0,12-0,10-008-0.06-0.04-0.02 0.0 0.02 0,04 0.06 0.08 0,18 .12

=/

-0.2j

-1.0j

freq (2.0 GHz to 40.88 GHz) freq (2.0 GHz to 40.88 GHz)
(a) (b)
48
2 | O Pout "
81 (Vg =-0.6V) 18— O Gain i
& | O PAE 1
Z 15}— Symbols: Data -3¢
\ \ Vig=4V g F Model 12 -
Symbols: Measure s 12—eooaacsas 28 g
S (Ves=-05V) | Soild Line: Model < |- Hu g
8 & 4 2 I O ] - £
2 r 16
s o 12
£ .r 8
3= g ]
N IS N I T I P P P P L 1
10 -8 6 4 2 0 2 4 6 8 10 12 14 16
Pin (dBm)
freq (2.0 GHz to 40.88 GHz)
(©) (d)

Figure 8. Accurate modeling of small-signal S-parameters for frequency range 2.0 GHz to 40.88 GHz
at Vs = 4V and two difference Vgs conditions Ves = —0.5V and Vs = —0.6 V: (a) S11 and Sy; (b) S12;
(c) Sp1; (d) Modeling of large-signal RF output power (Pout), RF power gain and PAE (%) as the input
power Pin is varied when input signal frequency is 29 GHz. Pin varies from —8 to 14.9 dBm in the
step of 0.95417 dBm.

4. Conclusions

A new analytical model for quasi-ballistic transport in InGaAs HEMTs is proposed.
A new 2DEG charge density is derived using the one-flux method. The transmission
coefficient, accommodating the dislocation scattering, is introduced. The new derived
charge density is employed to conduct the analytical calculation for the Fermi level E¢
and SP. A drain current model including important real device phenomena is developed.
In addition, the gate-source and gate-drain capacitances are both obtained analytically.
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The proposed Ey model agrees well with the numerical solution, which demonstrates its
high efficacy. The drain, capacitance, and small- and large-signal model are in excellent
agreement with the experimental data of the 100 nm InGaAs HEMT device.
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