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ABSTRACT This paper presents a physics-based analytical channel charge model for indium-rich
In,Gaj_,As/Ing s Alg 4gAs quantum-well (QW) field-effect transistors (FETs) that is applicable from the
subthreshold to strong inversion regimes. The model requires only seven physical/geometrical parameters,
along with three transition coefficients. In the subthreshold regime, the conduction bands (E¢) of all regions
are flat with finite and symmetrical QW configurations. Since the Fermi-level (EF) is located far below
Ec, the two-dimensional electron-gas density (n2-pgg) should be minimal and can thus be approximated
from Maxwell-Boltzmann statistics. In contrast, the applied gate bias lowers the E¢ of all structures in
the inversion regime, yielding band-bending of an Ing s52Alp43As insulator and In,Gaj;_yAs QW channel.
The dependency of the energy separation between Er and Ec on the surface of the In,Gaj_yAs QW
channel upon Vgs enables construction of the charge—voltage behaviors of In,Gaj_,As/Ing5pAlp48As
QW FETs. To develop a unified, continuous and differentiable areal channel charge density (Q.;) model
that is valid from the subthreshold to strong inversion regimes, the previously proposed inversion-layer
transition function is further revised with three transition coefficients of 1, & and g in this work. To
verify the proposed approach, the results of the proposed model are compared with those of not only
the numerically calculated Qch from a one-dimensional (1D) Poisson—Schrodinger solver, but also the
measured gate capacitance of a fabricated Ing7Gag3As QW metal-insulator-semiconductor FET with large
gate length, yielding excellent agreement between the simulated and measured results.

INDEX TERMS In,Gaj_,As/Ing50Alp43As QW FETs, two-dimensional electron-gate density (n2-pgg),
subthreshold regime, inversion regime, near-threshold regime.

I. INTRODUCTION low—noise circuit applications. The superior electron bal-
Indium-rich In,Ga;_,As/Ing 52Alp 43As quantum-well (QW) listic mobility and virtual-source injection velocity of
field-effect transistors (FETs) on InP substrates are In,Gaj_,As/Ings5>Alp43As material systems are the key
being increasingly used in ultra—high—frequency and determinants of their use as active components in
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various integrated circuits, including low-noise ampli-
fiers (LNAs) [1]-[5]. Moreover, these devices have been
extensively used in high-frequency applications such as
microwave and millimeter-wave analog, mixed-signal, and
high-speed telecommunication systems, and are critical espe-
cially in future 6G applications [6]-[9]. Designing circuits
to operate in such regimes requires accurate and charge—
conservative compact models for the areal channel charge
density (Q.p) such that they are grounded in device physics
and material fundamentals. Besides, these models should be
capable of describing the temperature dependence of Qp,
especially at low temperatures of 4 K since high—electron—
mobility transistor (HEMT)-based LNAs are extensively
utilized as the first stage for detecting noisy quantum-
bit signals of quantum computing systems in cryogenic
environments [10]-[11].

The pioneering work by Delagebeaudeuf and Linh in
1982 [12], who proposed simplified analytical expres-
sions for the areal channel charge density (Q.) in
Al,Ga;_,As/GaAs material systems for the first time, is
still being used as a cornerstone approach in numer-
ous compact models for many III-V devices, includ-
ing Al,Ga;_,As/InyGa;_yAs pseudomorphic HEMTs on
GaAs, In,Gaj_,As/IngspAlg4gAs HEMTs on InP and
Al;Ga;_yN/GaN HEMTs on SiC substrates. Historically,
most Qch models of Section III-V devices were formulated
to cater to microwave applications. Hence, many of these
models are either table based or empirical, relying on several
fitting parameters for accuracy improvement. However, this
inherently reduces their predictive capabilities from one tech-
nology generation to the next and from one environmental
temperature to the other, as such models lack physics—based
formulations of the device operations in various regimes.

Three different types of channel charge models have
been utilized so far: the MIT virtual-source (MVS) HEMT
model; surface—potential-based HEMT model; and tradi-
tional empirical HEMT models, such as Angelov and
EE-HEMT [13]-[16]. The MVS model was originally
developed for highly scaled Si CMOS devices with near-
ballistic transport and has been extended for use in
In,Gaj_,As/Ing 50Alp48As and GaN HEMTSs with modifi-
cations to some of the model parameters [13], [17]-[19].
The surface-potential model relies on self-consistent calcula-
tions of the surface potential derived from the semiempirical
approximation of band occupation [14], [20]. The Angelov
model, which was first proposed by Iltcho Angelov of
Chalmers University in 1992 [15], uses the tanh formu-
lation to ensure that both current and charge expressions
are continuous in all regimes and have infinitely many
derivatives, thereby enabling simulation of large-signal
behaviors in such devices. Recently, the Angelov model
has been successfully extended to GaN HEMTs [21] and
In,Gaj_,As/Ing 5pAlg43As HEMTs [22]. The EE HEMT
model, which was originally proposed for GaAs HEMTs
as an extension of the Curtice model [23], is an empirical
model developed by Agilent Technologies for the purpose
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FIGURE 1. (a) Cross-sectional schematic of InyGay_yAs/Ing 52Alg 48AS
QW MISFET [25] and (b) magnified sketch of the pill-box.

of fitting the measured electrical characteristics of HEMTs
with many fitting parameters [16], [24]. However, most of
the above models do not consider the materials’ fundamen-
tals and physics, limiting their usage from one technology
generation to the next and from one temperature to another.

In this work, we present a fully physics—based
analytical channel charge model for indium-rich
In,Gaj_;As/Ing 50AlpagAs QW FETs that is applica-
ble from the subthreshold to strong inversion regimes. The
proposed model requires seven physical and geometrical
parameters: the Schottky barrier height (g-¢py), conduction—
band discontinuity (AE¢), channel-layer thickness (#),
insulator layer thickness (t;,s), permittivity of the channel
layer (&, cx), permittivity of the insulator layer (&, ins) and
in-plane effective mass (mTl) of the channel layer. The model
also considers the density of states (DOS) bottleneck and
quantum—mechanical (QM) effects through two parameters
(a and b), while three transition coefficients (n, @ and B)
are incorporated to continuously combine the subthreshold
and inversion regimes. We applied the proposed analytical
model to accurately predict the channel charge density
of an Ing7Gag3As/Ings52AlpagAs QW metal-insulator—
semiconductor FET, which yielded excellent agreement
with the measured data.

Il. THEORY

Figure 1 (a) illustrates a cross-sectional schematic of the
indium-rich In,Ga;_,As/Ing 5pAlg48As QW MISFET with
source/drain regrown contacts [25]. The coordinate system
is selected to point toward the wafer, with the origin placed
at the In,Gaj_,As/Ing52Alp48As heterointerface, from top
to bottom. Application of the Gauss law to this situation is
straightforward. If we construct a “pill box” that includes all
the semiconductor charge densities and penetrates the gate
metal partially, as shown in Fig. 1 (b), this is equivalent
to a one-dimensional (1D) case. Figure 2 shows two types
of energy band diagrams in the z direction of Fig. 1(b).
Depending on the difference between g - ppy and AEc,
there exist two types of device operation: the first is the
normally—off operation (enhancement-mode) for q - ppy >
AEc (Fig. 2 (a)) and the other is the normally—on operation
(depletion—mode) for g - gy > AEc (Fig. 2 (b)).
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FIGURE 2. Conduction band energy diagram of an
InyGaj _yAs/Ing 52Alg 48As QW FET: (a) normally-off operation
and (b) normally-on operation.

Let us then define the applied gate—to—source voltage
(Vgs) as the threshold voltage (V7) such that the Fermi—
level (EF) touches the bottom of the conduction band in the
QW channel on the surface of In,Gaj_,As. This yields a
formula for V; as follows:

Vr = @ — AE:/q (D

The threshold condition is also plotted in Figs. 2 (a)
and (b). Since nearly the majority of reported devices
with In,Gaj_,As/Ing 50Alp4gAs material systems exhibited
normally—on operation [26]-[29], we will address the 1D
electrostatics of Fig. 2 (b) in the remainder of this work.
In the following sub-sections, we will first examine the
charge—voltage behaviors in the subthreshold and inversion
regimes separately. Then, we will discuss an approach to
continuously combine these two regimes using the widely
used inversion-layer transition function.

(a) Subthreshold regime: Let us first derive an analytical
expression for the areal channel charge density (Q.;) in the
subthreshold regime (Vgs < Vr). As shown in Fig. 3 (a), Ec
of all the region is flat in the subthreshold case, where the
In,Gaj_,As channel layer has a symmetrical and rectangular
QW configuration with a finite well height of AE¢. Since the
In,Gaj_yAs channel layer is a direct bandgap semiconductor
material where the I'—valley, which is the minimum energy
valley of the conduction band, is spherical with respect to
the momentum, the DOS function for a two-dimensional
sample is given as in Fig. 3 (b). An important consequence
of the two-dimensional (2D) DOS is that it is independent
of energy as shown in Fig. 3 (b). Thus, only the in-plane
effective mass (mﬁ) determines the 2D DOS of each subband
and the electron transport property in the QW plane, whereas
the perpendicular effective mass (m™) sets the location of
each subband energy level (E;). If the QW plane is in the
direction of the x-y plane, mj; and m* are equal to N
and m}, respectively. In terms of mathematical expressions,
the DOS function for In,Gaj_,As, g(E), is given as follows
(by considering only the three lowest subbands):

g(E)=0 for E < Ey
D for E < E <E;
2xD forEi <E<E)
3xD forEy <E 2)
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FIGURE 3. Ec of the InyGa;_,As/Ing 53Alg 4gAs QW FET in the
subthreshold regime and (b) the density of states function, g(E), for the 2D
system.

Here, the constant D is defined as
mj

Armed with the Fermi-Dirac statistics, f{E), and g(E)

above, the two—dimensional electron gas density, n>-pgg,

in units of cm~2, is computed by integrating the electron

energy distribution across the entire conduction band. This
is mathematically expressed as

o0
M-DEG = / F(E) - g(E)dE 4)
Ec
If we substitute Eq. (2) into Eq. (4), we obtain
E, E;
m-peg = | fE)-DdE+ | f(E)-2D dE
Ey E,
o0
+ f(E)-3D dE %)
E

Since E¢ is far from Efr in the subthreshold regime, we
can simply use the Maxwell-Boltzmann statistics. Moreover,
it is sufficient to consider the electron population only at the
18 lowest subband. Together, this yields

~ i
M-DEG N 5 - kT
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AE, n?
T q ©Bn

2
2
q- 8mﬁ I:tch + 7/72-AEL»:|
q-Ves
T (6)

As expected, ny-pgg in the subthreshold regime changes
with Vg in an exponential manner and can be determined
from four parameters, namely m‘*‘ AEc, ¢p, and t.,. We can
then rewrite the above expression in a concise form using
the definition of Vr as follows:

- exp

mj| —h?

hz - kT - exp

n-pEG =
e [fen + ﬁ]z
: €XP{—(VGS - VT)} (7

kT - 8m}

The areal channel charge density (Q.,) can be obtained
by multiplying the ny-pgg with the electron charge (gq)
while the gate capacitance per unit area (Cy) can be defined
by the derivative of Q. with Vg, yielding the following
expressions:

m‘*‘ —n?
|Qcn| = s} KT - exp S
KT - 8m - [zch + —WEC]
q
- exp| (Vs = V)| ®)
Cg 2 8|Qch|
Ves
m —h?
# kT - exp 5
KT - 8 - [tch + m]
T EXP{—(VGS - VT)} )

We can rewrite Eq. (8) in a concise form using the
definition of CgT, which is the gate capacitance at threshold:

ol =" Crew| Lvas - vp] a0
We further deﬁne
2 *
A g -m
Cor = Cy(Vgs = V7) = s
—K?
- exp (1)

2

oo+ 5z ]
(b) Inversion regime: The detailed view of the electrostat-
ics of the In,Gaj_,As/Ings50Alg43As QW MISFET in the
inversion regime is shown in Fig. 4. In fact, for Vgs > V7,
the electrostatics of the device are profoundly affected by the
presence of ny-peg. Applying a gate voltage that exceeds Vr
requires an increase in the magnitude of the charge dipole
across the metal-insulator-semiconductor (MIS) structure,
where IngsoAlg4gAs acts as the insulator and In,Gaj_,As

kT - SmT‘|
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FIGURE 4. E¢ of the InxGa;_,As/Ing 52Alg 48As QW FET during the
inversion regime.

acts as the semiconductor. This leads to the band bending
of E¢ for both the Ing 52Alg48As insulator and In,Gaj_,As
channel regions, as shown in Fig. 4. Since there is no volume
charge density in the Ing 50 Al 4gAs insulator, its band bend-
ing becomes linear with the z axis, whereas the band bending
of the In,Ga;_,As channel becomes parabolic owing to the
presence of na-pgg.

Since the DOS is finite in a semiconductor QW, the
Fermi-level needs to increase above the conduction band
edge as the channel charge density in the QW increases.
This movement of the Fermi-level requires energy, causing a
reduction of the inversion-layer capacitance (Cj,y) [30]. This
is the so—called DOS bottleneck, which becomes critical in
Section III-V materials with the small electron’s effective
mass. By examining Fig. 4, we obtain

q 0y +qVins =q-Vos + {AEc — (Ep — E¢) o+ } (12)

where Vi, is the voltage drop across the Ing 50 Alg 4gAs insu-
lator, and (Ep — E¢),_+ indicates the amount of penetration
of Er in E¢ on the surface of the In,Ga;_,As QW channel.

Solving for Vj,s, we get
AE, B (EF — Ec),—o+
q

From the sheet—charge approximation (SCA), the amount
of Q¢, can be given by the product of the areal insulator
capacitance (Ciys) and Vi,. This yields

|Qch| =C

ins X Vins

Vins = Vs — on + (13)

(14)
By plugging Eq. (13) into Eq. (14), we finally obtain

AE. (Er —Ec),—o+
|Qch| = Cips X |:VGS - <§0Bn - qc + g =0

15)

Unlike Si MOS structures, (Ef — E¢),—g+ in the inver-
sion regime for the In,Gaj_,As QW structure continues to
increase with Vgg, mainly owing to the DOS bottleneck
in In,Ga;_,As. In an effort to approximate the behavior
of (Efp — E¢),_g+ with respect to Vg, we investigated the
numerical solution using a 1D Poisson—Schrodinger solver
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FIGURE 5. (Ep — Ec);—g+ on the surface of the Ing 7Gag 3As QW channel
as a function of Vgg.
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FIGURE 6. Equivalent circuit model for the effective gate capacitance
(Cg_eﬂ) of an InyGay_yAs/Ing 5Alg 43As QW FET in the strong inversion
regime.

from the Next-Nano simulator. Figure 5 plots (Ep — E.),_+
as a function of ¢.Vgs, as obtained from the 1D sim-
ulation for the same structure shown in Fig. 1 (b). As
expected, (Er — E),_+ increases linearly with g.Vgs with
a slope of unity for Vgs < Vr (subthreshold). Interestingly,
(Ep — E¢),_o+ continues to increase and eventually becomes
linear with a slope of less than unity for Vgg > Vr. By
approximating (Er — E.),_g+ as g.(ax Vgs+b) in the strong
inversion regime, Eq. (15) can be rewritten as follows:

(16)

Vr+b
|Qch|=(1—a)'Cins'|:VGS— ! }

1—

Note that Eq. (15) is valid only for Vgs > Vr, which is
in the strong inversion regime.

Next, let us think about the physical meanings of a and
b. The effective gate capacitance, C,_ ¢, of the InyGaj_,As
QW MISFET in the strong inversion regime can be modeled
as a series combination of the insulator capacitance (Cj,s) and
inversion-layer capacitance (Cj,), as shown in Fig. 6, [30].

VOLUME 10, 2022

Then, Cj,, consists of the DOS capacitance, Cpgs (fre-
quently, it is also called the quantum capacitance, Cp), and
centroid capacitance, Cce,s, owing to the QM distribution
of n, in the In,Ga;_As QW [30]. From the charge—voltage
relation of Eq. (16), C,_. is equal to (1—a).Ciys. By solving

for a, we obtain
Cins 17"
a=1— |:1 + znsi|
Cinv

It is important to note that @ is less than unity and thus
reveals the degree of reduction of Cg o from Cy,s due to
the DOS bottleneck and QM effects. As will be discussed
in the following section, we obtain a value of a = 0.34 for
the Ing7Gag3As/Ing 52Alp43As QW structure, revealing that
we benefit only 66% from the insulator capacitance in the
strong inversion regime.

From the energy band diagram in the subthreshold regime,
Vr was defined such that Ec(z = 01) touched Ef, as in
Eq. (1) above. As indicated in Fig. 5, let us consider the
physical meaning of the cross—over voltage between the two
lines. This is exactly the threshold voltage in the strong
inversion regime, as will be clear subsequently. Let us define
this cross—over voltage as Vr ;. Mathematically, V7 ;,, can
be formulated by equating the two lines and can be expressed
as follows:

A7)

Vr+b
1—a

Note that Eq. (18) is exactly the x-intercept of Eq. (16),
which is the threshold voltage in the strong inversion regime.
As a result, b indicates the amount of shift of the threshold
voltage defined in the subthreshold regime, and this V7 j,,
is exactly what determines the areal channel charge density
in the strong inversion regime, together with C, ..

(c) Near-threshold regime: We are now in a position to
develop a unified and continuous expression for the areal
channel charge density from the subthreshold to strong inver-
sion regimes. To do so, we investigated the most widely
used expression for virtual-source models, which was first
proposed by Khakifirooz ef al. [17] and later revised by
Rakheja et al. [18]. According to the pioneering work by
Wright [31], the basic form of the expression for Q. is

given as follows:
Vs —V
GS T (19)
kT/q

(18)

VTfinv =

kT
Qch = — g_eﬁ";'ll’l 1+ exp

Here, it is important to recognize that the threshold volt-
age to describe Q, in the subthreshold regime should be
different from that in the strong inversion regime, as dis-
cussed in the previous two sub—sections. As a result, two
different values of V7 have to be considered in Eq. (19) to
fully describe Q.;, from the subthreshold to strong inversion
regimes. It was found empirically in [17] that a shift of V7
by 3.5xkT/q was a very good approximation in advanced Si
FETs. In this work, we revised the form of the “inversion-
layer transition” function, Fy, such that the shape of the
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TABLE 1. List of the seven physical and geometrical parameters, along with three transition coefficients. Other computed key parameters, such as Vy,

Vr_inv: Cgr and Cg o4, are included.

q"PBN AEC ten tins € e m|*| a ﬂ VT VT_inv CgT Cg_eff
[eV] | [eV] | [nm] | [nm] | =" | 5= ] [evigem?] O Y V] | [uFlem? | [uF/em?’]
0.3 0.572 10 14 13.9 | 1247 | 2.07x10"7 0.7 2.6 1.0 | -0.272 | -0.221 0.27 0.52
o . Metal In.-AlLA: In.Ga.As _ In-Al.A
threshold voltage transition was accurately captured with two . ; d 2 : L pL ®
transition parameters of o and B. In essence, this originates : '
from the Fermi-Dirac distribution function, which allows 03 2
smooth transition between the two different values of V7 as ' —
e
follows: N i £
1 2 O o
Fr(Vs) = ppr sy N S N S ALl
1+ exp b w E.| =
a-(g/kT) 01|V, =02V °
| =
Three key properties must be noted about the inversion- 222 :
layer transition function: (i) at Vgs = (V7 + Vr_im)/B, the W= B - a—

function is exactly 1/2, (ii) Fr(Vgs) has a shape mirroring
1—F¢(Vgs) around Vs = (Vr + V7 _jny)/B and (iii) the tran-
sition of Fy(Vis) from 1 to 0 around (V7 + V7_in)/B gets
sharper with decreasing «. Using the inversion-layer transi-
tion function, the unified Q.; model from the subthreshold
to strong inversion regimes can be expressed as follows:

kT
Qch = _ngﬂr ' 7

Vs — (V1 iw — AV7T - F,
.ln|:1+exp< os = (Vr_ T ! f)):| (21)

q

Here, AVyp is the difference between the two thresh-
old voltages. In summary, the proposed Q. model in this
work requires seven physical and geometrical parameters: the
Schottky barrier height (g-¢py), conduction-band discontinu-
ity (AE(), in-plane effective mass of the QW channel layer
(mﬁ), channel-layer thickness (), insulator—layer thickness
(tins), permittivity of the channel layer (e, ¢;), and permit-
tivity of the insulator layer (&, ;,5). The model also contains
three transition coefficients (¢, B, and 7): o controls the
sharpness of the transition between the subthreshold and
inversion regimes, B determines the value of Vg for the
intermediate value halfway in the transition function, and
n is the ideality factor that controls the sharpness of the
subthreshold characteristics for Vs < Vr and enables to
describe the dependency of the channel charge density on L.

IIl. RESULTS AND DISCUSSION

In the previous section, we presented the construction of
the unified Q., model for In,Gaj_,As/Ings5Alg4gAs QW
MISFETs, which included the DOS bottleneck and QM
effects, and was capable of describing its behaviors from the
subthreshold to strong inversion regimes. In this section, we
first verify suitability of the proposed model by comparison
with the results obtained from the 1D Poisson—Schrodinger
Solver. Then, we check the extension ability of our proposed
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FIGURE 7. Ec (left) and no (right) profiles obtained from the 1D numerical
simulator at Vgg = 0.2 V.

model by comparing its 1%-, 2"d- and 3"-order derivatives.
Next, we compare the experimental gate capacitance of fab-
ricated Ing7Gap3As MISFETs with the predictions of the
gate capacitance derived by differentiating the modeled Q.
with respect to Vgs. From this, we verify the validity of the
proposed Q. model for the In,Ga;_,As/Ing 50Alp.48As QW
MISFETs.

The 1D simulation structure is identical to that shown
in Fig. 1 (b) and consists of a gate metal stack of
Pt/Ti/Pt/Au, 11-nm thick IngspAlg4gAs insulator, 10-nm
thick Ing7Gap3As channel layer, and 300-nm thick
Ings2Alg4gAs buffer on a semi-insulating 3-inch InP sub-
strate. This structure is a typical Ing7Gag3As MISFET
design that our research group has fabricated and reported
on recently [25]. Table 1 lists the physical and geometrical
parameters for the 1D simulation structure. Figure 7 shows
the conduction band and electron concentration (n,) profiles
of the 1D structure with Vgg = 0.2 V. Since the Next-
nano solver performs a self-consistent 1D solution of the
Poisson—Schrodinger equation, it provides the ideal chan-
nel charge densities for different values of Vgg. Therefore,
the predictions from the Next-nano solver are used to val-
idate the physics—based analytical Q. model proposed in
the previous section. As discussed in Section II, V7 in the
proposed model is set by the difference between Schottky
barrier height (¢ - ¢py) and conduction-band discontinuity
(AE(¢), which would be directly applicable to III-V MISFETs
and MOSFETs. Moreover, the proposed model could also
find its extensibility for III-V high-electron-mobility transis-
tors (HEMTs) and GaN FETs with a minor modification of

VOLUME 10, 2022
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FIGURE 8. Semi-log plot of |Q.y| against Vgs. The modeled ones come
from Eq. (10) for subthreshold and Eq. (16) for inversion, where the 1D
simulation result is included for comparison.

the threshold condition, taking the modulation-doping and
piezoelectric effects into account.

Figure 8 plots the areal channel charge density of the
Ing.7Gap3As MISFET 1D structure on the logarithmic scale
as a function of Vgg. The solid line is the numerical simula-
tion result that is derived directly from the Next-nano solver,
and the two types of symbols correspond to the results from
our analytical expressions for Q. in the subthreshold (cir-
cles) and inversion (triangles) regimes, respectively. The key
parameters, such as Vr, V7_j, Cer, and Cq o, Which are
used to calculate Q. from Egs. (10) and (16), are also
included in Table 1. Note that the proposed analytical equa-
tions of Egs. (10) and (16) are capable of describing Q. in
both the subthreshold and inversion regimes. Figure 9 com-
pares the modeled O, from Eq. (18), which requires only
one value of V7, with the 1D numerically simulated Q,
in both the logarithmic (left y-axis) and linear (right y-axis)
scales. The choices of the line and symbol type are identical
to that in Fig. 8. Clearly, it is impossible to describe Q.
from Eq. (18) with a single value of V7, thereby demanding
dual values of Vr as well as use of the inversion-layer transi-
tion function between the subthreshold and strong inversion
regimes.

The findings in Fig. 9 motivated us to investigate use of the
inversion-layer transition function in detail. Figures 10 (a)
and (b) show the shapes of the inversion-layer transition
function for (a) various values of o with a fixed value
of B and (b) various values of B8 with a fixed value of
o. As expected, o controls the sharpness of the transition
between the subthreshold and inversion regimes, and the
lower the value of «, the sharper is the transition of the
inversion—layer transition function. B8 determines the value
of Vs such that the inversion—layer transition function is
halved. The lower the value of B, the more negative the shift
of the inversion—layer transition function, which is toward
the threshold voltage defined in the subthreshold regime.
Figure 11 (a) compares the modeled Q., obtained from

VOLUME 10, 2022

[ H— Q_, from 1D simulation
ER Q«:h‘NIVT ‘;;;;;"'A‘_. ¥ 0.16
— 1E-8] & QunW/ Vi, '
~N
£ 1012 &
S of §
Q I
I 1E-10 o
= H0.08 %
5 =
=< i
S 1E-124 lo.04 =
1E14 FAssnsanannnsscol 0.00
-0.6 05 04 03 -0.2 -01 0.0 0.1
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with two different values of the threshold voltage.
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FIGURE 11. (a) Semi-log plot of |Q | against Vgg (on the left y-axis) and
|Qcp| against Vgg (on the right y-axis), and (b) magnified plot.

Eq. (21) for various combinations of « and B with the 1D
numerically simulated Q. in both the logarithmic (left y-
axis) and linear (right y-axis) scales. Since it was assumed
that there was no interfacial state density at the interface
between the Ing 5pAlg 43As insulator and Ing7Gag 3As chan-
nel layers in the 1D numerical simulation, the value of the
ideality factor was chosen to be unity. A combination of
o = 0.7 and B = 2.6 yields the best explanation for Q.
between the subthreshold and inversion regimes in the 1D
structure studied in this work, as can be seen in the magnified
plot of Fig. 11 (b).

To apply the proposed channel charge density model
in future RF and mixed-signal systems, it is important
to verify that the model provides accurate predictions of
its higher-order derivatives, at least up to the 3t order
derivative. Figures 12 (a), (b), (c) and (d), respectively,
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FIGURE 12. Comparison of higher-order derivatives of Q. with Vgs: (a)
15t-order derivative, (b) 2"d-order derivative, (c) 3"9-order derivative and
(d) ath-order derivative.

show the comparison of 1%-order, 2"-order, 3"-order and
4™ _order derivatives between the proposed charge model in
this work and the 1D numerical simulation. Our model is
capable of accurately describing the nature of all higher-order
derivatives. To test the flexibility of our proposed charge
model for low-temperature applications, we next investi-
gate the accuracy of its prediction as temperature decreases.
Figures 13 (a), (b), (c) and (d), respectively, compare the ana-
lytically modeled and 1D simulated Q., at 200 K, 100 K,
77 K and 4 K. Clearly, our model can capture the behav-
ior of Q¢ at low temperatures without introducing any new
parameters. Since the temperature-dependent subthreshold
characteristics are explored, it will be interesting to see how
the dependence of subthreshold-swing (S) in the modeled
channel-charge characteristics on temperature could be cor-
related with the experimental one. Using the experimental
report on temperature-dependent subthreshold characteris-
tics of L, = 2 pum Ing;Gap3As HEMT, we compared
the measured values of § from the I-V characteristics to
the projected values of S from the channel charge model
as a function of temperature, as shown in Fig. 14. Note
that the model is fully capable of nicely projecting the
temperature-dependent subthreshold-swing characteristics
down to 77 K.

Next, we compare the prediction of the gate capaci-
tance (Cg_modeled) With the experimental gate capacitance
(Cg_meausrea) for the fabricated Ing;Gag3As MISFETs
reported previously [25]. Here, Cg odeiecd Was obtained by
differentiating the modeled Q., from Eq. (21) with Vgg,
and Cq measurea Was from 1 MHz capacitance—voltage (CV)
measurements for the fabricated long-L, devices. Figure 15
compares Cg_modeled With Cg_easured. The total gate capac-
itance predicted from the model (red line) is seen to be
in excellent agreement with the measured values (blue
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FIGURE 14. Comparison between the measured and projected
subthreshold-swing (S) as a function of temperature.

squares). This result increases the credibility of the cal-
culation of the areal channel charge density from the
proposed analytical expression using only 10 parameters
(seven physical/geometrical parameters and three transition
coefficients).

Finally, we attempt to verify our channel charge model
by constructing a charge-based model for the I-V char-
acteristics of In,Gaj_,As/IngspAlgagAs QW FETs and
comparing them with the experimental results [25], where
the MIT virtual-source (MVS) model is considered for
this purpose [33]-[34]. This is a simple semi-empirical
model originally developed for short-L, Si and II-V
devices that is continuous from weak to strong inversion
and from the linear to saturation regimes of operation.
Figures 16 compares the predictions of the MVS model
with measured I-V characteristics of the same Ing7Gag3As
MISFETs with L, =2 pum [25]. Excellent agreement is
achieved with a combination of effective mobility (e.5) of
12,000 cm?/V-s and injection velocity (v,y) of 4.7x 107 cm/s,
increasing the credibility of our channel charge modeling
process.
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FIGURE 16. Comparison between the measured and MVS modeled I-V
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IV. CONCLUSION

This paper presented a comprehensive physics—based
analytical channel charge model for indium-rich
In,Gaj_,As/Ing 50AlgpsgAs QW FETs that was appli-
cable from the subthreshold to strong inversion regimes.
The model required only seven physical/geometrical param-
eters and three transition coefficients. Since it was sufficient
to consider only the 1% energy level (Ep) occupation
in both the subthreshold and strong inversion regimes,
the dependency of energy separation between Er and
Ec on the surface of the In,Ga;_,As QW channel for
Vs enabled construction of the charge—voltage behaviors
of the In,Gaj_yAs/Ings53Alp43As QW 1D structure in
each regime. To combine Q. between the subthreshold
and strong inversion regimes, we revisited the previously
proposed formula for the inversion-layer transition function,
wherein we revised the function with three transition
coefficients of «, B, and 5. The proposed physics—based
analytical Q., model yielded excellent agreement with
the fabricated Ing7Gag3As/Ings50Alg48As MISFETSs and is
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expected to be directly applicable to compact modeling of
these devices.
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