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Today, the GaAs MESFET is widely used in both high-
speed and high-frequency applications. Particularly, it has
been the workhorse of the microwave industry for many years
(7). The GaAs MESFET is used as the active device for low
noise and power amplifiers as well as for oscillators, mixers,
and attenuators. Its microwave performance challenges that
of HEMT (8). On the other hand, the integration scale of
GaAs MESFET-ICs approaches 106 transistors on a chip (9),
and GaAs-based 32-bit microprocessors are developed (10).

The superior performance of GaAs MESFET is due to the
higher electron mobility and the higher electron velocity of
GaAs. However, there are several unfavorable phenomena in
GaAs MESFET, such as short-channel effects, sidegating ef-
fects, frequency-dependent output conductance and transcon-
ductance, slow-current transients, and kink phenomena. The
short-channel effect is a phenomenon that the threshold volt-METAL SEMICONDUCTOR FIELD

EFFECT TRANSISTORS age of a MESFET shifts with shortening the gate length, and
the sidegating effect is a phenomenon that the drain current

The metal-semiconductor field-effect transistor (MESFET) is of the MESFET is modulated when a negative voltage is ap-
plied to an adjacent device in ICs. The kink is a phenomenonone of the field-effect transistors in which the conduction pro-

cess involves predominantly one kind of carrier, and the cur- that the drain conductance shows an abnormal increase at
relatively high drain bias. Almost all phenomena listed aboverent transport between the source and drain electrodes is

modulated by a voltage applied to the gate electrode. In the are originated from the fact that the semi-insulating sub-
strate (on which the MESFET is fabricated) is achieved byMESFET, a metal-semiconductor rectifying contact is used

for the gate. There are a few other field-effect transistors: the impurity compensation by deep levels, and that high densities
of surface states exist on the active layer of GaAs MESFET.junction field–effect transistor (JFET) and the metal-oxide-

semiconductor field-effect transistor (MOSFET), where the However, the detailed mechanisms are not necessarily made
clear.gates are formed by a p–n junction and a metal-oxide-semi-

conductor structure, respectively. In the Si device, the MOS- In this article, we first describe the basic operation princi-
ple of the MESFET and its current-voltage characteristicsFET is usually used because a high-quality insulating oxide

(SiO2) with a low density of interface states can be fabricated. that are derived physically. Next, typical device structures of
GaAs MESFETs are described, and their high-speed andThe MOSFET having an insulated gate allows a higher input-

voltage swing and higher input impedance than the other high-frequency performances are reviewed. Then we describe
parasitic effects in GaAs MESFETs, such as substrate con-field-effect transistors. Compound semiconductors such as

GaAs, InP, and InGaAs have higher electron mobilities and duction, sidegating effects, slow-current transients, low-fre-
quency anomalies, and kink phenomena. Finally, some model-maximum drift velocities than Si, so field-effect transistors

fabricated from GaAs etc. show higher operating speed and ing methods for GaAs MESFETs are presented which are
important for circuit design and for understanding physicalhigher frequency performance. In the compound semiconduc-

tors such as GaAs, however, there are no good oxides or insu- phenomena in GaAs MESFETs.
lators to make the MOSFET or the insulated-gate field-effect
transistor available now, although some good attempts have

BASIC PRINCIPLES
been reported recently (1). There exist high densities of inter-
face states between the oxide (or insulator) and the compound

Operation Principle
semiconductor. Therefore, the MESFET structure is usually
adopted for field-effect transistors fabricated from compound Figure 1 shows a schematic diagram of a GaAs MESFET. A

conductive n-layer is formed on the semi-insulating GaAssemiconductors like GaAs.
Historically, the GaAs MESFET was proposed by Mead (2) substrate which has a high resistivity of �108 �cm. So usu-

ally, current does not flow in the substrate region. On thein 1966 and subsequently fabricated by Hooper and Lehrer
(3) using a GaAs epitaxial layer on the semi-insulating GaAs n-layer, two ohmic contacts are provided. One acts as the

source and the other as the drain. When a positive voltagesubstrate. In 1971, Turner et al. (4) got useful gain up to 18
GHz. In 1973, a first power GaAs MESFET was fabricated VD is applied to the drain with respect to the source, electrons

flow from source to drain. Hence, the source supplies carriers,with 1.6 W at 2 GHz (5). Around 1980, the GaAs MESFET
technology progressed greatly due to the availability of high- and the drain acts as the sink.

The third electrode, the gate, forms a rectifying Schottkyquality semi-insulating substrate and ion-implantation pro-
cessing techniques. In another development, Mimura et al. (6) contact with the n-layer, and so the depletion region exists

around the gate. Because the positive voltage is applied to thedemonstrated a new type of field-effect transistor called the
high electron mobility transistor (HEMT), where an AlGaAs/ drain, the depletion layer extends deeper at the drain side.

The width of depletion layer can change by applying the gateGaAs heterojunction with doped AlGaAs and non-doped GaAs
layers is utilized. In the AlGaAs/GaAs HEMT or heterojunc- voltage, so the thickness of conductive channel is varied.

Therefore, current from source to drain can be modulated bytion field-effect transistor (HFET), the Schottky contact is
formed on the AlGaAs layer, so this can be regarded as a kind the gate voltage, leading to the three terminal device.

For a given gate voltage VG, the channel current increasesof MESFET. However, we will only describe the normal MES-
FET (particularly GaAs MESFET) in this article. as the drain voltage increases. Eventually, for sufficient large
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where Vb is built-in potential at the Schottky contact, and
V(x) is the potential at x in the channel region. The depletion
widths at the source and drain ends of the gate are

h1 =
√

2ε(Vb − VG)

qND
(x = 0) (3)

h2 =
√

2ε(VD + Vb − VG)

qND
(x = LG) (4)

The maximum value of h2 is equal to a, and in such a case,
the drain end of the gate pinches off and is depleted of carri-
ers. The corresponding voltage is called the pinch-off voltage
and defined as

VP ≡ qNDa2

2ε
= VDSS + Vb − VG (5)

where VDSS is the drain voltage at which the pinch-off occurs.
The current density in the x direction along the channel is
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Figure 1. Schematic diagram of a (GaAs) MESFET on the semi-insu-
lating substrate. The depletion region is formed under the gate.

Jx = qµNDEx = −qµND
dV
dx

(6)

where the diffusion current is neglected. Ex is the electric field
VD, the current saturates due to the pinching of the channel along the x direction, and � is the electron mobility which
at the drain side or the electron velocity saturation there. The is assumed constant. The channel current at x (or the drain
pinching of the channel means that the n-layer is fully de- current ID) is then given by
pleted (at the drain side) due to the reverse gate-to-drain volt-
age. In Fig. 1, the basic device dimensions are the gate length
LG, the gate width W, the channel depth a, and the depletion-

ID = qµND
dV
dx

(a − h)W (7)

layer width h.
From Eq. (2), we obtainThe operation of a MESFET is identical to that of a JFET,

which was first analyzed by Shockley (11) in 1952. We will
next describe current-voltage characteristics of a MESFET dV = qND

ε
hdh (8)

that are derived physically.

and hence,
Current-Voltage Characteristics

Contact Mobility Model. The simplest but most essential ID = q2N2
D

ε
µW (a − h)h

dh
dx

(9)
method for deriving I–V characteristics of a MESFET is
based on that by Shockley (11,12). A long-channel MESFET
is considered (LG � a), and the following assumptions are
adopted: (1) gradual channel approximation, (2) abrupt deple-
tion layer, and (3) constant mobility. As shown in Fig. 2, we
consider a region under the gate and assume that the semi-
insulating layer is perfectly insulating. Now, we treat a case
with uniform doping ND. Under the gradual channel approxi-
mation, the depletion layer width h varies only gradually
along the x direction, and it can be obtained by solving the
one-dimensional Poisson’s equation in the y direction:

d2ψ

dy2 = −qND

ε
(1)

Using the boundary condition that � � VG � Vb at y � a and
� � V(x) at y � a � h, we obtain
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Figure 2. Channel cross-section under the gate of a modeled MES-
FET. The depletion region extends deeper at the drain side, and
hence, the channel becomes thinner there.

h(x) =
√

2ε{V (x) + Vb − VG}
qND

(2)
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from Eq. (12), we obtain

gm ≡ ∂ID

∂VG
= 3IP

VP

{(
VD + Vb − VG

VP

)1/2

−
(

Vb − VG

VP

)1/2
}

(15)

gD ≡ ∂ID

∂VD
= 3IP

VP

{
1 −

(
VD + Vb − VG

VP

)1/2
}

(16)

In the saturation region, gD � 0 and from Eq. (14), gm becomes

gm = ∂IDSS

∂VG
= 3IP

VP

{
1 −

(
Vb − VG

VP

)1/2
}

(17)

So gm decreases when VG becomes more negative.
The model presented here is useful when understanding

the basic principle of the MESFET. However, in itself, this
model cannot treat the characteristics beyond the pinch-off.Drain voltage
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Also, usually, the estimated drain current is rather higherFigure 3. Basic I–V characteristics of a MESFET. The drain current
than the experimental one. This is attributed to the fact thatsaturates at VDSS � VP � VG–Vb, and the saturation current IDSS de-
the electric-field dependence of electron mobility is neglectedcreases as the gate voltage VG becomes negative. VP is the pinch-off
here.voltage, and Vb is built-in potential at the Schottky contact.

Field-Dependent Mobility Model. Lehovec and Zuleeg (13)
extend the previous model by considering electric-field depen-

Integrating from x � 0 (h � h1) to x � LG (h � h2) yields dence of electron mobility. They use the function:

µn = µ

1 + µ|Ex|/vs
(18)

∫ LG

0
ID dx = q2N2

DµW
ε

∫ h2

h1

(a − h) hdh (10)

where vs is the saturation velocity and takes a value of about
Therefore, 107 cm/s for GaAs at T � 300 K. As shown in Fig. 4, the drift

velocity v � �nEx saturates at high Ex. From Eq. (7), the drain
current in this case is given byID = Wµq2N2

Da3

6εLG

{
3
a2 (h2

2 − h2
1) − 2

a3 (h3
2 − h3

1)

}
(11)

or
ID = qND

µ(dV/dx)

1 + (µ/vs)(dV/dx)
(a − h)W (19)

Substituting Eq. (8) into Eq. (19), we obtain
ID = IP

[
3

VD

VP
− 2

{(
VD + Vb − VG

VP

)3/2

−
(

Vb − VG

VP

)3/2
}]

(12) ID

(
1 + qND

ε

µ

vs
h

dh
dx

)
= q2N2

D

ε
µW (a − h)h

dh
dx

(20)

where

IP = Wµq2N2
Da3

6εLG
(13)

These expressions relate the current up to the point of pinch-
off of the channel. At this bias, which occurs when h2 � a, the
drain current saturates and remains constant. This current
IDSS is given by

IDSS = IP

[
1 − 3

(
Vb − VG

VP

)
+ 2

(
Vb − VG

VP

)3/2
]

(14)

The current-voltage characteristics calculated from Eq. (12)
are schematically shown in Fig. 3, where the saturation volt-
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age is given by VDSS � VP � VG � Vb.
From the current-voltage characteristics, we can obtain Figure 4. Three kinds of velocity versus electric field characteristics.

important device parameters such as transconductance gm One (v � �Ex) is a case of constant mobility, and the other two are
cases of field-dependent mobilities where the velocities saturate.and drain conductance gD. In the region before saturation,
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Integrating from x � 0 (h � h1) to x � LG (h � h2) yields

ID = IP

1 + µVD/vsLG[
3

VD

VP
− 2

{(
VD + Vb − VG

VP

)3/2

−
(

Vb − VG

VP

)3/2
}]

(21)

Comparing Eq. (21) and Eq. (12) shows that the drain current
is reduced by a factor of (1 � �VD/vsLG) due to the field-depen-
dent mobility.

The above model successfully explains the reduction of the
drain current. However, the used mobility model does not in-
clude the negative differential mobility observed in GaAs. Of-
ten, the electron drift velocity of GaAs is expressed analyti-
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cally by the following-type function (14), as is also shown in
Fig. 4. Figure 6. Channel cross-section under the gate for the two-region

model. Region I is the constant mobility region, and Region II is the
velocity saturation region where the channel thickness is constant.

v = µ|Ex| + vs(Ex/E0)4

1 + (Ex/E0)4 (22)

where E0 is a parameter. Please also note that this model is x � 0 (h � h1) to x � L1 (h � hc), we obtain
only effective before the current saturates, as is the same in
the previous model.

ID = IP
LG

L1

{
3
a2 (h2

c − h2
1) − 2

a3 (h3
c − h3

1)

}
(23)

Two-Region Model. Statz et al. (15) developed a model that
is effective also beyond current saturation. They used a veloc- where
ity-field curve as shown in Fig. 5, where the mobility is as-
sumed constant up to a critical field EC, and the velocity is
assumed constant beyond EC. The MESFET is divided into hc =

√
2ε(VDL1 + Vb − VG)

qND
(24)

two regions as shown in Fig. 6. Region I near the source is
the constant-mobility region, and the gradual channel approx-

Here, VDL1 is the potential at x � L1 in the channel. We canimation described previously is applicable. Region II near the
determine L1 by utilizing current continuity between Regionsdrain is the velocity saturation region, where a conductive
I and II. In Region II, electrons are assumed to travel at thechannel of finite width is postulated to account for current
saturation velocity vs, and hence,continuity. The point x � L1, which corresponds to the onset

of velocity saturation, is allowed to move depending on the
drain voltage VD. Its position is determined by the location at ID = qNDvs(a − hc)W (25)

which the longitudinal electric field Ex equals the critical field
From Eq. (23) and Eq. (25), we obtainEC. So the two-region model is applicable to operation condi-

tions for all I-V characteristics including the saturation
region.

In Region I, an expression of the current is essentially the L1 = qNDµ{3a(h2
c − h2

1) − 2(h3
c − h3

1)}
6εvs(a − hc)

(26)

same as that of Eq. (11) or Eq. (12). Integrating Eq. (9) from

Once the hc is known, the length L1 is specified, and the cur-
rent ID is determined.

For a given ID, the potential drop from the source to drain
can be obtained by integrating the longitudinal electric field
from x � 0 to x � LG. In Region I, the potential drop VDL1 is,
from Eq. (24) and Eq. (3),

VDL1 = qND

2ε
(h2

c − h2
1) (27)

In Region II, the potential drop VDL2 is determined by solving
Laplace’s equation. By taking the lowest space harmonic, we
obtain (15)
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Figure 5. Velocity-field curve used for the two-region model. Below
the critical field EC, the mobility is constant, and the velocity is con-
stant beyond EC.

VDL2 � 2a
π

vs

µ
sinh

{ π

2a
(LG − L1)

}
(28)
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The drain voltage VD is the sum of Eq. (27) and Eq. (28), and
hence,

VD = qND

2ε
(h2

c − h2
1) + 2a

π

vs

µ
sinh

{ µ

2a
(LG − L1)

}
(29)

Eq. (29) and Eq. (26) allow one to determine L1 and hc for
given VD and VG, yielding the current ID. So ID � VD curves as
a parameter of VG are obtained. The two-region model de-
scribed here has been the basic of several physics-based ana-
lytical GaAs MESFET models later developed (16).

In the discussions above, we derived the current-voltage
characteristics of a MESFET in closed or analytical forms
based on various assumptions. Particularly, we used the grad-
ual channel approximation and assumed the one-dimensional
current flow. As the gate length becomes shorter and the
drain voltage becomes larger, two-dimensional effects will
dominate the device characteristics, and current flow in the
depletion layer and in the substrate should be considered. In
such cases, two-dimensional numerical simulation is re-
quired, where the Poisson’s equation and the transport equa-
tions are solved simultaneously. Many works on this subject
have been done to predict the I–V curves or to understand
physical phenomena in GaAs MESFETs (17).

GaAs MESFET STRUCTURES
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Figure 7. Schematic cross-section of the two main categories of GaAsIn the analysis done in the previous section, only the intrinsic
MESFET structures: (a) recessed-gate structure, (b) self-alignedregion (under the gate) is considered. In real devices, there structure. Both of them have low source resistances.

exist parasitic source resistance and drain resistance which
originate from bulk regions between source and gate elec-
trodes and between gate and drain electrodes, respectively. If space for the high-field region at the drain side of the gate. It
the source resistance is high and the potential drop there be- is recognized that a graded recess is more effective than an
comes significant, the effective potential drop along the gate abrupt recess in reducing electric field at the recess edge, and
junction becomes smaller. So the degree of current modula- it provides higher breakdown voltage (18). As for the details
tion by the gate voltage is reduced, leading to a lower trans- on the breakdown phenomena, please refer to Ref. 18.
conductance gm. It should be also noted that high densities of For microwave application, the semiconductor layer is typi-
surface states exist on the active layer, and so a surface deple- cally grown by a molecular beam epitaxy (MBE) method to
tion region is formed between source (drain) and gate elec- obtain desired doping profiles. A variety of doping profiles in
trodes. This contributes to increasing the source resistance. the active layer may be used—from uniform doping to delta

Therefore, in real GaAs MESFETs, some methods to re- doping. Often, the gate is given a T-shape which combines a
duce the source resistance are adopted. There are many kinds short gate length with a large gate metal cross section. The
of GaAs MESFET structures depending on their desired ap- latter leads to a reduced parasitic gate resistance, which is
plication. But we may classify GaAs MESFET structures in particularly important in microwave devices.
two main categories—the recessed gate structure and the A drawback of the recessed gate technique, especially in
self-aligned structure, as shown schematically in Fig. 7. the context of ICs, is the limited alignment accuracy of the

recess and of the gate electrode. The accuracy of recess etch-
Recessed-Gate Structure ing is also a problem. These inaccuracies lead to non-unifor-

mities in the source resistance, the transconductance and theRecessing is a technique for adjusting the pinch-off (or thresh-
threshold voltage over a wafer (and from wafer to wafer).old) voltage by reducing the active-layer thickness under the

gate while maintaining a relatively low resistance between
Self-Aligned Structures

gate and source (drain) electrodes. This is achieved by using
a rather thick n-type active layer in which the actual channel The self-aligned gate technique is a method to self-align the

source and drain n�-layers to the gate as shown in Fig. 7(b).thickness is defined by controlled etching of a trench. The po-
sition and the shape of the recess are important design issues. This structure is usually realized by first forming the gate

region and then utilizing n�-implantation. This is a planarIn power devices, the recess and the position of gate elec-
trode are often asymmetrically located with a shorter distance structure and has a low source resistance and a high trans-

conductance because of the n� source region which also re-to the source electrode than to the drain electrode. This has
two advantages. It reduces the source resistance to maintain duces the surface-state effects. The self-aligned structure is

particularly used for digital FETs, where the active layer ishigh transconductance gm. And it increases the drain-to-
source breakdown voltage and the gate breakdown (Schottky also fabricated by direct ion-implantation into the semi-insu-

lating substrate, and relatively uniform threshold voltagediode breakdown) voltage by allowing additional expansion
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over a wafer is realized. A drawback of this structure is the
low breakdown voltage of the Schottky diode. To overcome
this problem, the lightly doped drain (LDD) structure is
adopted (19).

The basic feature of the self-aligned gate process is shown
in Fig. 8 (20). First, an n-type active layer is formed in the
semi-insulating substrate by Si ion-implantation and subse-
quent annealing. Next, TiW (a refractory metal) is deposited
by sputtering and etched to form the gate electrode. The gate
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Figure 9. Fabrication process of SAINT MESFET. This process
allows any choice of gate metal because the gate metalization is done
after the high temperature anneal. (Reproduced with permission from
K. Yamasaki, K. Asai, and K. Kurumada, GaAs LSI-directed MES-
FET’s with self-aligned implantation for n�-layer technology
(SAINT), IEEE Trans. Electron Devices, ED-29(11): 1772–1777
( 1982 IEEE).)

then served as a mask for the subsequent n� source and drain
implant, which is followed by another annealing stage using
a SiO2 cap. The device is completed using AuGe/Au ohmic
contacts formed by liftoff. The gate metal must be capable of
surviving the high temperature anneal (about 850 �C) without
damaging the Schottky barrier properties. Various alloy met-
als such as TiW-based alloys and WSi-based alloys have
proven suitable for this purpose. These compositions are not
very conductive, but this is usually not a severe problem for
digital FETs in which the gate width may be only 10 to 20
�m. It would be a severe problem for analog FETs having
much wider gate fingers.

Another class of self-aligned process known as SAINT
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(self-aligned implantation for n�-layer technology) (21) in-
volves the use of a complex mask structure acting as aFigure 8. Fabrication process of self-aligned GaAs MESFET using

TiW refractory gate, developed by Yokoyama et al. (20). ‘‘dummy gate’’ for the n� implantation, as shown in Fig. 9.
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The process starts by the selective implantation of the active
layer and the deposition of Si3N4 cap layer. Then, the dummy
gate is fabricated from layers of resist and SiO2, patterned in
a T-shape by undercutting the lower resist using plasma etch-
ing. The n�-implantation is followed by the sputter deposition
of a layer of SiO2, a lift-off step, and the annealing of the
implanted dopants. Then the ohmic contacts are fabricated.
Finally, the remaining Si3N4 in the gate area is removed, and
the gate metal is deposited. The process allows any choice of
gate metalization because the gate metal is placed on the wa-
fer after the high temperature anneal.

In the self-aligned MESFETs with n� source and drain re-
gions, current-flow via the semi-insulating substrate between
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–

Source Source

Drain
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RDSgmVi
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Ri

CGD
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RDGate

the n�-layers becomes remarkable when the gate length be-
comes shorter. So the threshold voltage shifts with shortening Figure 11. Small-signal equivalent circuit of a MESFET. CGS and
the gate length, showing a remarkable short-channel effect. CGD are the gate-to-source and gate-to-drain capacitances, respec-
To overcome this problem, so-called BP (Buried p-layer)— tively. Ri is the charging resistance, and RDS is the output resistance.

RG, RS, and RD are the parasitic gate, source, and drain resistances,SAINT (22) was proposed as shown in Fig. 10. Here, the
respectively.p-implanted layer is formed under the n and n� regions and

acts as a barrier for electrons injected into the substrate. In

fact, it is shown experimentally and theoretically (23) that the
short-channel effect is greatly reduced by introducing the
p-layer. However, the high dose buried p-layer may lead to
the degradation of device performance due to its parasitic ca-
pacitance (24).

HIGH-SPEED AND HIGH-FREQUENCY PERFORMANCE

How fast the GaAs MESFET operates or switches is an inter-
esting point for a practical viewpoint. In a logic circuit, how-
ever, the switching time depends on the load capacitance, and
it is not a unique measure of high-speed performance. As to
standard high-speed and high-frequency figures of merit for
FETs, there are the cutoff frequency fT and the maximum fre-
quency of oscillation fmax. fT is defined as the frequency at
which the short-circuit current gain falls to unify, and fmax is
the highest frequency at which power gain can be obtained
from the FET. These are correlated to the small-signal equiv-
alent circuit of the FET, and they are also easily estimated
by microwave measurements.

A typical small-signal equivalent circuit of a GaAs MES-
FET is shown in Fig. 11 (7,12). From this, the cutoff fre-
quency fT is derived as

fT � gm

2πCGS
(30)

where CGS is the gate-source capacitance. The approximate
expression for fmax is given by

fmax � fT

2

√
RDS

RG + Ri + RS
(31)
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Figure 10. Cross-section view of a buried p-layer SAINT FET and resistance. RG and RS are the parasitic gate and source resis-
calculated impurity concentration profiles. The p-layer acts as a bar-

tances, respectively. fT is also expressed, by using the transitrier against electron injection from the channel into the semi-insulat-
time through the channel 	, as (12)ing substrate. (Reproduced with permission from K. Yamasaki, N.

Kato, and M. Hirayama, Buried p-layer SAINT for very high-speed
GAs LSI’s with submicrometer gate length, IEEE Trans. Electron De-
vices, ED-32(11): 2420–2425 ( 1985 IEEE).)

fT = 1
2πτ

(32)
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Here, LGD is the gate-drain distance, a is the active-layer
thickness, ND is the donor density in the active layer, and vs

is the saturation velocity. The velocity overshoot was not
taken into account explicitly in the calculations, but it was
included in the value of vs as an effective saturation velocity.
It was also assumed that the gate was located as far from the
drain and as close to the source as possible so that the gate-
drain capacitance and the source resistance would be mini-
mized. High values of fT � 213 GHz, fmax � 424 GHz, and
gm � 648 mS/mm are predicted for the gate length LG of
0.1 �m.

Golio et al. (28) collected and examined the experimental
data for fT, fmax, and gm of GaAs MESFETs published in the
literatures between 1966 and 1988. They have projected lim-
its to the ultimate frequency performance which can be real-
ized with GaAs MESFETs. The data projected at LG � 0.1 �m
are fT � 80 � 200 GHz, fmax � 300 � 1000 GHz, and gm �
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µ 300 � 1000 mS/mm. Recently, Feng et al. (8) obtained fT val-
Figure 12. Drift velocity v and average electron energy w as func- ues of 55 GHz for 0.5 �m, 89 GHz for 0.25 �m, and 109 GHz
tions of distance along the channel for a 0.25 �m gate-length GaAs for 0.15 �m gate-length GaAs MESFETs utilizing ion-implan-
MESFET, calculated by using energy-transport model (dashed lines) tation technology. These are comparable to those for GaAs-
and quasi-equilibrium model (solid lines). In the case of energy trans- base HEMTs. As for fmax, a high value of 120 GHz was re-
port model, the velocity becomes much higher than the saturation ported for a 0.25 �m gate-length GaAs MESFET in Ref. 29.
velocity (107 cm/s) under the gate, showing a remarkable velocity- In the 1980s, GaAs MESFETs for digital ICs were studiedovershoot effect. (Reproduced with permission from R. K. Cook and

extensively. The high-speed performance was characterizedJ. Frey, Two-dimensional numerical simulation of energy transport
by the propagation delay time of the ring oscillator. A delayeffect in Si and GaAs MESFET’s, IEEE Trans. Electron Devices, ED-
of 9.9 ps/gate for a 0.4 �m gate-length (BP-SAINT) GaAs29(6): 970–977 ( 1982 IEEE).)
MESFET was reported in Ref. 22. The performance of power
GaAs MESFETs were also improved in the 1980s. The details
are found in Ref. 18.If we assume that electrons travel under the gate with the

saturation velocity vs, fT becomes
PARASITIC EFFECTS

fT = vs

2πLG
(33)

The high-speed and high-frequency performance of GaAs
MESFETs is due to the high electron velocity of GaAs. How-

From this, we can say that fT should become higher as the ever, there are several unfavorable phenomena or parasitic
gate length LG becomes shorter. effects in GaAs MESFETs such as short-channel effects, side-

As is understood from Eq. (32) and Eq. (33), fT depends on gating effects, slow-current transients, low-frequency anoma-
how the electrons travel through the channel. There are some lies (frequency-dependent transconductance and output con-
theoretical calculations on electron velocity profiles in short- ductance), and kink phenomena. These phenomenon are
channel GaAs MESFETs. Figure 12 shows such an example originated from the fact that the semi-insulating GaAs sub-
(25). According to the model that includes energy transport strate (on which the MESFET is fabricated) is achieved by
effects, the electron velocity becomes much higher than the
saturation velocity (�107 cm/s). This so-called velocity over-
shoot effect is more pronounced in GaAs-based devices than
in Si-based devices. Therefore, higher fT than that estimated
by assuming the velocity saturation is expected in short-chan-
nel GaAs MESFETs.

Das (26) theoretically estimated fT, fmax, and gm of a GaAs
MESFET with a short gate (0.1 � 0.25 �m) by using the con-
cept of charge control (27). Table 1 shows some of the results.

EC

EEL2
EL2

NEL2

NAi
EV

0.69 eV

1.42 eV

Figure 13. Two-level compensation model for undoped semi-insulat-
ing LEC GaAs. NEL2 and NAi are densities of deep donor ‘‘EL2’’ and
shallow acceptor, respectively. The deep donors donate electrons to
the shallow acceptors, and hence, the ionized EL2 density N�

EL2 be-
comes nearly equal to the shallow acceptor density NAi under equi-

Table 1. Physical Parameters and Estimated Performance of
GaAs MESFETs (Ref. (26)).

LG LGD a ND vS gm fT fmax

(�m) (�m) (nm) (cm�3) (cm/s) (mS/mm) (GHz) (GHz)

0.25 0.10 48.5 5 � 1017 1.4 � 107 241 54 128
0.20 0.10 41 7 � 1017 1.7 � 107 331 77 181
0.15 0.08 36 9 � 1017 2.1 � 107 461 125 266
0.10 0.07 30 1.3 � 1018 2.6 � 107 648 213 424

librium.
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Figure 14. (a) Simulated GaAs MESFET structure. (b) Calculated drain characteristics for a
case with perfectly insulating substrate. (c) Calculated drain characteristics for the two cases
with different shallow-acceptor densities NAi in the semi-insulating substrate, where the deep-
donor density NEL2 is 5 � 1016 cm�3. With the semi-insulating substrate, the drain current does
not saturate, particularly for lower NAi, because the substrate current becomes large (33).

impurity compensation at deep levels (30) and that high den- properties are realized. In equilibrium, the ionized deep-donor
sities of surface states exist on the active layer of GaAs MES- density N�

EL2 becomes nearly equal to the shallow acceptor
FETs. We will discuss these phenomena below. density NAi, and the ionized deep donors act as trap centers.

If the n-layer is attached to the semi-insulating substrate,
Substrate Conduction electrons are injected into the substrate and are captured by

the traps. So if the ionized deep-donor density N�
EL2 (or NAi) isThe analysis done before for deriving I–V characteristics of

low, the trap-filled region (where all traps are filled with elec-the MESFET is based on the assumption that the semi-insu-
trons) extends deeper into the substrate (32). The resistancelating substrate is a perfect insulator, and current does not
in this region is low, and hence, the current can flow throughflow through it. But, in fact, the substrate is ‘‘semi-insulating’’
the semi-insulating substrate.and not a perfect insulator. The semi-insulating nature is

Figure 14 shows examples of I–V characteristics of GaAsachieved by impurity compensation by deep levels. For an ex-
MESFETs on the undoped semi-insulating substrate, calcu-ample, in the undoped semi-insulating LEC (liquid-encapsu-
lated by two-dimensional (2-D) numerical simulation in whichlated Czochralski) GaAs, which has been widely used since
Poisson’s equation and continuity equations are solved self-early 1980s, it is thought that deep donors ‘‘EL2’’ (NEL2) com-
consistently (33). Figure 14(a) is the simulated structure, andpensate shallow acceptors due to residual carbon (NAi) (31), as
Fig. 14(b) corresponds to a case with perfectly insulating sub-shown in Fig. 13. In this case, the deep donors donate elec-

trons to the shallow acceptors, and hence, semi-insulating strate. In Fig. 14(c), two cases with different shallow-acceptor
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Figure 15. Comparison of current distributions of 0.3 �m gate-length GaAs MESFETs with
different NAi in the semi-insulating substrate, corresponding to Fig. 14(c). VD � 1 V and VG � 0
V. NEL2 � 5 � 1016 cm�3. (a) NAi � 5 � 1013 cm�3, and (b) NAi � 1016 cm�3. For lower NAi, the
substrate current component becomes larger, because the barrier for electrons at the channel–
substrate interface is less steep.

density in the substrate (NAi � 1016 cm�3 and 5 � 1013 cm�3) As seen in Fig. 14(c), when NAi is low and the substrate
current becomes large, the threshold voltage of GaAs MES-are shown. The gate length LG is 0.3 �m, and the field-depen-

dent mobility expressed in Eq. (22) is used. The surface states FETs shifts toward deeply negative. The shift of threshold
voltage becomes more remarkable when the gate length be-are not considered in this calculation. In the case with per-

fectly insulating substrate, the drain current almost satu- comes shorter. This phenomenon is one of the so-called short-
channel effects. To reduce this, the substrate current must berates with the drain voltage. In the cases with semi-insulat-

ing substrates, however, the drain currents do not saturate in reduced. For this purpose, the shallow acceptor density NAi in
the semi-insulating substrate should be made relatively high.general, and increase with the drain voltage, particularly for

lower acceptor density NAi in the substrate. This is because, It is also effective to introduce a buried p-layer or a p-buffer
layer because the acceptors in the p-layer should have theas shown in Fig. 15, the substrate current component becomes

larger for lower NAi. This increase in substrate current leads same electrical role as acceptors in the semi-insulating sub-
strate. In fact, it is shown experimentally and theoreticallyto lower transconductance at a given drain current. It should

be also noted that in the case with high NAi, the drain cur- that to introduce a buried p-layer (p-buffer layer) is effective
to reduce the shore-channel effects in GaAs MESFETsrents become lower than those for the case with perfectly in-

sulating substrate. This is because, as schematically shown (22,23).
in Fig. 16, a space-charge layer is formed at the active layer-
substrate interface, and the effective channel thickness be- Sidegating Effects
comes thinner for higher NAi. From the above considerations,

The sidegating effect is a phenomenon that the drain currentwe can say that to consider impurity compensation by deep
of a GaAs MESFET is modulated when a negative voltage islevels in the semi-insulating substrate is important for evalu-
applied to an adjacent device in ICs. This was also called theating I-V characteristics of GaAs MESFETs.
backdating effect because initially the current modulation
was studied by attaching an electrode to the backside of the
substrate. This effect is detrimental in GaAs digital, analog
and microwave ICs because of unintentional electrical inter-
actions between closely spaced devices. Numerous studies
have suggested that this effect is caused by modulation of the
space-charge region at the interface between the MESFET ac-
tive layer and the buffer layer or the semi-insulating sub-
strate which is achieved by impurity compensation by deep
levels.

Two representative experimental data about sidegating
(backgating) effects in the early 1980s are shown in Fig. 17
(34) and in Fig. 18 (35). In Fig. 17, a Cr-doped HB (horizontal
Bridgman) semi-insulating substrate was used, and the elec-
trode was attached to the bottom of the substrate. The group
X
 corresponded to a case without a buffer layer, and the

��
+
+

+
+

+ +
++

–
– – –

SIn

EEL2

Ef

EC

EV

group A
 and B
 corresponded to cases with different buffer
layers. In all three cases, the drain currents decreased with-Figure 16. Schematic energy band diagram along the line from gate
out threshold as the substrate bias voltage became negative.electrode to the substrate. The space-charge region is formed at the
The authors detected hole drops due to Cr both in the bufferchannel–substrate interface, because the semi-insulating substrate is

achieved by impurity compensation by deep levels. layer and in the semi-insulating substrate. In Fig. 18, a LEC
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becomes so high that the traps are all filled with electrons,
the substrate current increases suddenly, and the voltage be-
comes applied along the reverse-based n–i junction. There-
fore, the drain current begins to decrease with threshold in
this case. The corresponding voltage is called the trap-fill-lim-
ited voltage (36) and given by

VTFL = qNAi

2ε
d2 (34)

where d is the i-layer thickness. However, the voltage given
by Eq. (34) was usually too high as compared to the experi-
mental voltage for threshold, and this model did not necessar-
ily give quantitative explanations.

Recently, it was pointed out that the Schottky pad (of
GaAs MESFET) directly attached to the semi-insulating sub-
strate should play an important role in the sidegating effect.
Liu et al. (38) studied effects of Schottky contact on the semi-
insulating substrate by using the test structure shown in Fig.
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20, where the results of sidegating effects are also shown
Figure 17. Experimental results of drain-current reduction due to when the Schottky contact (SC) is floating, or its voltage VSC

substrate bias. The Cr-doped HB semi-insulating substrate is used. is set to 0 V. It is seen that the current in the n–i–n structure,
The drain currents decrease without threshold when the substrate formed by the MESFET and the sidegate, is very low within
bias voltage becomes negative. (Reproduced with permission from T. the voltage range of the measurements. On the other hand,
Itoh and H. Yanai, Stability of performance and interfacial problem the current in the Schottky-i–n structure, formed by the
in GaAs MESFET’s, IEEE Trans. Electron Devices, ED-27(6): 1037– Schottky contact and the sidegate, show a sudden increase at1045 ( 1980 IEEE).)

a relatively low voltage, indicating a remarkable sidegating
effect. The most likely cause of this high leakage current
might be the hole injection from the Schottky contact, as hasCr-doped semi-insulating substrate was used, and the side-
been suggested by computer simulation (39). The existence ofgate (backgate) electrode was attached to the same surface as
the Schottky pad on the semi-insulating substrate could ex-the MESFET. The substrate current showed ohmic behavior
plain, to some extent, the reduction of the threshold voltageat low voltages and showed a sudden rise at a certain thresh-
for sidegating. However, there are no quantitative models toold voltage. Just at this voltage, the drain current began to
predict the onset voltage adequately.decrease. Thus, the threshold voltage for the sudden increase

To improve the sidegating threshold, two approaches werein the substrate current was exactly the same as the thresh-
adopted (40). One was to use isolation implantation tech-old voltage for the sidegating effect. This threshold behavior
niques such as oxygen, boron, and protons. This techniquewas typical also for cases of using undoped semi-insulating
increased the threshold voltage for sidegating by about a fac-LEC substrates extensively studied later. The threshold be-
tor of three. The other approach was to shield the MESFEThavior was qualitatively explained by Lampert’s carrier injec-
channel from the offending sidegating electrodes. A Schottkytion model (32,36).
metal shield between the sidegate electrode and the FET andThe above difference in sidegating behavior for different
a Be-implanted p-type shield tied to the source contact weretypes of substrates can be explained as follows. In the un-
shown to improve sidegate immunity. Recently, Chen anddoped semi-insulating LEC GaAs, as described before, deep
Smith et al. (41) showed that a new buffer layer grown bydonors ‘‘EL2’’ compensate shallow acceptors, and the deep do-
molecular-beam epitaxy (MBE) at a substantially low temper-nor acts as an electron trap because its capture cross section
ature (�200 �C) could greatly reduce the sidegating effect.for electrons is much larger than that for holes (30). In the
However, the basic mechanism responsible for its uniqueCr-doped semi-insulating substrate, deep acceptors ‘‘Cr’’ com-
semi-insulating property is not yet clarified. Many studies onpensate shallow donors, and the deep acceptor acts as a hole
this so-called LT (low temperature)–GaAs buffer are beingtrap because its capture cross section for holes is much larger
made.than that for electrons (30). Fig. 19 shows a comparison of

calculated energy band diagrams of n–i–n structures with dif-
Slow Current Transients

ferent i-layers (substrates) (37). The left n-layer corresponds
to the MESFET active layer. Part (a) is for a case with EL2, GaAs MESFETs are essentially high-speed and high-fre-

quency devices. However, slow current transients are oftenand part (b) is for a case with Cr. In (b), the voltage is entirely
applied along the reverse-biased n–i junction because elec- observed experimentally even if the drain voltage or the gate

voltage is changed abruptly. These are called ‘‘drain-lag’’ ortrons as well as holes are depleted there, and hence, the drain
current of the MESFET decreases without threshold when ‘‘gate-lag’’ and could seriously limit the performance of power

MESFETs as well as pulse operating integrated circuits. Fornegative voltage is applied to an adjacent n-layer. In (a), the
voltage is applied along the bulk i-region because electrons example, gate-lag affects digital circuits such as inverter

chains by causing pulse narrowing, which finally leads toare not depleted at the reverse-biased n–i junction because of
the electron-trap nature of EL2 (32). Then, the substrate cur- function error. It is suggested that these phenomena occur

due to the slow responses of deep traps in the semi-insulatingrent shows ohmic behavior at low voltages, and the drain cur-
rent of the MESFET changes little. When the applied voltage substrate or surface states on the active layer.
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Figure 18. The test structure used for sidegating measurements, and the current-voltage rela-
tion of the substrate conduction between the MESFET and the backgate (sidegate) electrode
when (a) VDS � 0 V, (b) VDS � 1.5 V, and (c) VDS � 2.5 V. The LEC Cr-doped semi-insulating
substrate is used. The sidegating characteristics, IDSS vs. VBG at VDS � 1.5 V and VDS � 2.5 V, are
shown by the photographs in (b) and (c), respectively. The sudden increase in the substrate
conduction corresponds to the sudden decrease in the drain current. (Reproduced with permission
from C. P. Lee, S. J. Lee, and B. M. Welch, Carrier injection and backgating effect in GaAs
MESFET’s, IEEE Electron Device Lett., EDL-3(4): 97–98 ( 1982 IEEE).)

Figure 21 shows an example of drain-lag phenomenon ex- rate shows overshoot behavior. This type of overshoot has
been commonly observed by other researchers. The absenceperimentally reported by Mickanin et al. (42). They used a

300 �m wide enhancement-mode GaAs MESFET on undoped of overshoot with a 100 kHz pulse rate indicates that this
phenomenon is frequency-dependent. This phenomenon wassemi-insulating LEC substrate. The gate voltage was set to

the pinch-off voltage, defined as ID � 1 �A/�m at VD � 1 V. usually explained by trapping dynamics at the channel-sub-
strate interface or in the semi-insulating substrate. An exam-As shown in Fig. 21, 10 Hz and 100 kHz drain-voltage pulses

from 0 to 5 V were applied, and the drain-current transients ple of drain-lag phenomena calculated by 2-D simulation is
shown in Fig. 22 (43). The device structure is the same as thatwere traced. It is seen that the current with a 10 Hz pulse
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cently reported by Kohno et al. (44). They used a single re-
cessed-gate MESFET with the pinch-off voltage of �2.4 V.
When the gate voltage was changed from Vgs(off) to Vgs(on) � 0
V, the drain currents remained low for some periods and be-
gan to increase gradually between 10�4 and 10�1 s, reaching
steady-state values. As Vgs(off) was lower, the gate-lag became
more pronounced. The gate-lag phenomenon was usually cor-
related to the surface states on the active layer. Lo and Lee
(45) simulated the gate-lag phenomenon by considering sur-
face states, which were assumed to consist of a pair of deep
donors and deep acceptors. The results are shown in Fig. 24.
They used a planer MESFET with the threshold (pinch-off)
voltage of �2.5 V. Here, the Gate lag rate was defined as
(ID(t � 250 ms) � ID(t � 1 ns))/ID(t � 250 ms). In fact, as the
initial gate voltage was lower, the gate-lag percentage in-
creased. It was understood that the gate-lag arose because
the response of surface deep levels were slow. It was also
shown that when the initial gate voltage was lower, the nega-
tive surface charge density was higher to enhance the gate-
lag phenomenon.

To reduce the above lag phenomena, effects of deep traps
in the substrate and surface states should be minimized. Can-
field et al. (46) used the p-well technology where the p-well
potential was constrained by connecting it to the source and
showed that the drain-lag was eliminated. To reduce the gate-
lag, several methods to minimize the surface-state effects
have been proposed, but no conclusive way has been realized.

Low-Frequency Anomalies

Many of the electrical characteristics of GaAs MESFETs shift
dramatically in values at relatively low frequencies (�1 MHz)
(7). Device parameters which have been observed to shift in-
clude output conductance (drain conductance) gD, transcon-
ductance gm, and device capacitances. As the frequency is in-
creased, the measured output conductance is seen to increase
by as much as a factor of two (47). The characteristic frequen-
cies at which this increase occurs ranges less than 10 Hz to
about 100 kHz. The transconductance usually decreases with
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the frequency, and the decrease rate is typically 5 to 30 per-
Figure 19. Comparison of calculated energy band diagrams of cent. The frequency dependences of gD and gm can be corre-
n–i–n structures with different deep levels in the i-layer. (a) Case lated to the drain-lag and the gate-lag, respectively. There-with deep donor ‘‘EL2’’ (NEL2 � 5 � 1016 cm�3) and shallow acceptor

fore, these frequency dependences are attributed to the(NAi � 1016 cm�3), and (b) case with deep acceptor Cr (NCr � 1016

existence of deep traps in the semi-insulating substrate andcm�3) and shallow donor (NDi � 1015 cm�3). ‘‘EL2’’ acts as an electron
surface states on the active layer.trap, and ‘‘Cr’’ acts as a hole trap. This difference leads to the differ-

A typical example of measured frequency dependence ofence in the energy-band diagrams (32,37).
gD in a GaAs MESFET is shown in Fig. 25 by symbols (47).
The device was a standard, recessed-gate depletion-made

in Fig. 14(a). The gate voltage is 0 V, and the drain voltage is MESFET fabricated on undoped semi-insulating LEC GaAs.
changed abruptly from 0 to 1 V or from 1 to 0.5 V. The drain The gate length was 1 �m, and the n-channel was formed by
currents become constant temporarily (a ‘‘quasi-steady state’’) ion implantation to a peak concentration of approximately
around t � 10�11 sec, and after some periods, they begin to 2 � 1017 cm�3. As seen, the output conductance also indicated
decrease or increase, reaching real steady-state values. In temperature dependence. These frequency and temperature
fact, the current overshoot is observed when the drain voltage dependences of gD were attributed to deep donor ‘‘EL2’’ in the
is raised. It is interpreted that the quasi-steady state is a semi-insulating substrate. By assuming a temperature-de-state where the deep donors ‘‘EL2’’ in the substrate do not

pendent time constant of electron emission form EL2:respond to the voltage change, and electrons move under the
same ionized-impurity densities as those for VD � 0 V or 1 V.
When the deep donors begin to capture or emit electrons, the
drain currents begin to decrease or increase, reaching steady-

τe � 3.5 × 10−8

T2 exp
(

9450
T

)
(35)

state values. Therefore, the deep donors in the substrate can
theoretical curves of frequency-dependent gD were derived.be also a cause of hysteresis in I–V curves.
They are shown in Fig. 25 by solid curves. These fit well withFigure 23 shows schematic diagram of gate-lag measure-

ment and Vgs(off) dependence of drain current transients re- the experimental results. It was shown experimentally that
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Figure 21. Schematic measurement sys-
tem of drain-lag and measured wave-
forms. The upper is the drain voltage
pulse. The lower curves show drain cur-
rent transients at 10 Hz and 100 KHz
pulses, respectively. The current over-
shoot and the subsequent slow transient
are observed at the 10 Hz pulse. (Repro-
duced with permission from W. Mickanin,
P. Canfield, E. Finchem, and B. Odekirk,
Frequency-dependent transients in GaAs
MESFETs: process, geometry and mate-
rial effects, IEEE GaAs IC Symposium
Technical Digest, 211–214 ( 1989
IEEE).)
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vice. Recently, it was reported that the GaAs MESFETs
showed an abnormal increase in the output conductance (kink
phenomenon) at relatively low voltages (3 � 4 V) (50,51). This
phenomenon may limit the operation voltage of GaAs MES-
FETs. It was recognized that the kink was associated with
impact ionization of carriers in the channel. It was also sug-
gested that the kink was not due to direct gate breakdown but
could be regarded as a phenomenon related to the substrate.

An example of measured drain characteristics of GaAs
MESFETs reported by Harrison (51) is shown in Fig. 28. The
device was a 0.8 �m gate-length self-aligned GaAs MESFET
fabricated on undoped LEC semi-insulating substrate. The
output conductance in the saturated region showed an in-
crease for VD � 3.5 V. It was shown that in this kink region,
the sidegating effect became remarkable. This strongly sug-
gests that the semi-insulating substrate should play an im-
portant role in the kink phenomenon. It was proposed that
holes which were generated by impact ionization and injected
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Figure 22. Calculated responses of drain currents for 0.3 �m gate- phenomena.
length GaAs MESFETs on undoped semi-insulating substrate [Fig. Drain characteristics of a 0.3 �m gate-length GaAs MES-
14(a): NEL2 � 5 � 1016 cm�3] when VD steps from 0 to 1 V and when FET, calculated by 2D simulation considering impact ioniza-
VD steps from 1 to 0.5 V (43). The current overshoot and the subse-

tion of carriers, are shown in Fig. 29(a) (52). The simulatedquent slow transient are qualitatively reproduced for the former case
structure is the same as that in Fig. 14(a), where the shallow(solid lines).
acceptor density in the substrate NAi is 1016 cm�3. The charac-
teristic show kink behavior at VD � 3 � 5 V and at VD � 10
� 15 V. However, these are not due to direct gate breakdownby using the p-well GaAs MESFET technology, the frequency
because the gate current is much lower than the drain cur-dependence of output conductance was not observed up to 1
rent as shown in Fig. 29(b). Figure 30 shows calculated holeMHz (46).
density profiles at VD � 4 V and 12 V for VG � 0 V. It isAn example of measured frequency dispersion of transcon-
understood that holes generated by impact ionization flowductance for a GaAs MESFET is shown in Fig. 26 (48). The
into the substrate and are captured by deep donors ‘‘EL2,’’device was fabricated by Si ion implantation into undoped
and hence, the ionized deep-donor density N�

EL2 increases. Thissemi-insulating LEC GaAs. The gate length was 1 �m. Both
increase in positive charges in the substrate increases thethe drain bias and the superimposed gate modulation signal
channel thickness, resulting in the first kink. At VD � 12 V,�vgs were kept small (�50 mV). (The drain bias was kept low
hole densities in the substrate become very high and compa-in order to make the assumption that the channel depth is
rable to N�

EL2, but the hole current is much lower than theconstant, and so the channel region may be treated as a resis-
electron current. In this case, we can interpret that the in-tance.) As seen in the figure, the transconductance decreased
crease in the positive hole charges in the substrate widenswith the frequency and showed dispersion over a limited
the channel thickness, leading to the steep increase in therange of temperature. This behavior was explained by the
drain current. It was also ascertained by 2D simulation (53)surface-state dynamics. At temperatures below 150 K, the
that the sidegating effects should become remarkable in thesurface states responded so slowly that they could not follow
kink region. In another work (54), it was suggested that theeven the lowest modulation frequency used (10 Hz). As the
kink could be reduced by decreasing the acceptor density intemperature was raised, their response time decreased, fall-
the substrate.ing within the window of used measurement frequencies. At

still higher temperature (�400 K), the response of the surface
states was so fast that the characteristic frequency became

MESFET MODELINGmuch higher than the highest used frequency here (20 kHz),
so there was no dispersion again. Zhao et al. (49) developed

Modeling for Circuit Simulationan analytical model for frequency dependence of transconduc-
tance in GaAs MESFETs. Assuming a single surface state For circuit design applications, accurate but simple device
ES1 (EC � ES1 � 0.4 eV, NS1 � 1012 cm�2, S1 � 10�11 cm2), he models are required. Purely physical models such as those
obtained the temperature dependence of transconductance described when deriving the I–V characteristics are usually
frequency dispersion as shown in Fig. 27. A general not accurate as required for most applications. The inaccura-
agreement is seen between the modeling results and experi- cies arise from the assumptions and approximations required
mental results in Fig. 26. to perform the device analysis. In contrast, empirical models

can be accurate enough to fit the experimental data, though
Kink Phenomena large amount of tedious characterization data are often re-

quired to obtain the accuracy.High-voltage behavior of GaAs MESFETs has always been of
An early and basic empirical model for GaAs MESFETsinterest for microwave applications where the maximum

power is limited in part by the breakdown voltage of the de- was proposed by Curtice (55). The current-voltage character-
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istics were expressed as proximates the ID–VD characteristics observed in GaAs MES-
FETs. � determines the voltage at which the drain current
saturates. Curtice and Ettenberg (56) altered the originalID = β(VG − VT)2(1 + λVD) tanh(αVD) (36)
Curtice model to get a closer fit to the relationship between
ID and VG. The new equation iswhere VT is the threshold voltage or the pinch-off voltage. �,

�, and � are the parameters. Eq. (36) can be separated into
three components. The first component �(VG � VT)2 is used to
model the approximately square-law behavior of the ID–VG re-

ID = (A0 + A1v1 + A2v2
1 + A3v3

1) tanh(γVD) (37)

v1 = VG{1 + β(VD0 − VD)}lationship. In the second component 1 � �VD, the parameter
� is used to model the drain conductance. The third compo-

where � and � are the parameters. VD0 is the drain voltage atnent tanh(�VD) is used because the hyperbolic tangent ap-
which the Ai coefficients are evaluated.

Statz et al. (57) developed a model based on Eq. (36). They
thought that the square-law approximation of the ID � VG re-
lationship was only valid for small values of VG � VT, and
that ID became almost linear for larger values of VG � VT. To
model this behavior, in place of �(VG � VT)2, they adopted the
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Figure 25. Comparison between the experimentally observed output
conductance (�, �, �) and the theoretical curves (solid lines) at three Figure 26. Measured frequency dispersion of transconductance as a

function of temperature for a 1 �m gate-length GaAs MESFET. Thedifferent temperatures for VD � 3 V and VG � 0.2 V. The increase in
output conductance with frequency is often seen experimentally. (Re- decrease in transconductance with frequency is often seen experimen-

tally. (Reproduced with permission from S. R. Blight, R. H. Wallis,produced with permission from P. C. Canfield, S. C. F. Lam, and D.
J. Allstot, Modeling of frequency and temperature effects in GaAs and H. Thomas, Surface influence on the conductance DLTS spectra

of GaAs MESFET’s, IEEE Trans. Electron Devices, ED-33(10): 1447–MESFETs, IEEE J. Solid-State Circuits, 25(1):299–306 ( 1990
IEEE).) 1453 ( 1986 IEEE).)
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empirical expression

β(VG − VT)2

1 + b(VG − VT)

In addition, they found that the tanh function in Eq. (36) con-
sumed considerable computer time. The tanh function below
saturation was modified using a polynominal of the form

1 − (1 − (αVD/n))n

with n � 3. In the saturated region (VD � n/�), the tanh func-
tion was replaced by unity. These modifications led to a new
form for the drain current.

For 0 � VD � 3/�,

ID = β(VG − VT)2

1 + b(VG − VT)

[
1 −

(
1 − αVD

3

)3
]

(1 + λVD) (38)

For VD � 3/�

ID = β(VG − VT)2

1 + b(VG − VT)
(1 + λVD) (39)

The model was compared with the experimental data. Figure
31 shows such an example (57). The agreement between the
model and the experiment was satisfactory.

Besides the models mentioned above, some other models
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for circuit simulation such as SPICE were proposed. About
Figure 27. Modeling results of temperature dependence of transcon- these models and the applicability of them, please refer to
ductance dispersion for a single surface state case. A general Ref. 7, where the modeling of device capacitance not men-
agreement is seen between these modeling results and the experi- tioned here is also found.
mental results in Fig. 26. (Reproduced with permission from J. H.
Zhao, R. Hwang, and S. Chang, On the characterization of surface
states and deep traps in GaAs MESFETs, Solid-State Electron., Device Simulation
36(12):1665–1672 ( 1993 Elsevier Science Ltd.).)

When the gate length of GaAs MESFETs became short, the
analytical one-dimensional approach with several assump-
tions became inadequate for estimating the I–V characteris-
tics or other device performance. Then, the 2-D numerical
simulation that solved Poisson’s equation and transport equa-
tions self-consistently became used for predicting the device
performance and for understanding physical phenomena ob-
served in GaAs MESFETs. Historically, 2-D simulation of
GaAs MESFETs was already made in the middle 1970s, in
particular for understanding effects of negative differential
mobility in GaAs on the device performance.

The so-called drift-diffusion type simulation method is now
a mature and standard tool for evaluating the performance of
GaAs devices as well as Si devices (17,58). As to recent topics
regarding this method, there are numerical simulations of
trapping effects on GaAs MESFET performance. If we now
treat a GaAs MESFET on undoped semi-insulating LEC sub-
strate including deep donors ‘‘EL2,’’ the basic equations for

2.5

0

I D
 (
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)

0 5
VD (V)

VG = 0 V

VG = –0.2 Vδ

device analysis can be written as follows (33,43).
Figure 28. Measured drain characteristics of 0.8 �m gate-length
GaAs MESFET, showing the onset of the kink phenomenon at VD �

(a) Poisson’s equation3.5 V. (Reproduced with permission from A. Harrison, Backgating in
submicrometer GaAs MESFET’s operated at high drain bias, IEEE
Electron Device Lett., 13 (7): 381–383 ( 1992 IEEE).) ∇2ψ = −q

ε
(p − n + N+

EL2) (40)



METAL SEMICONDUCTOR FIELD EFFECT TRANSISTORS 559

0.8

0.6

0.4

0.2

0

100

10–2

10–4

10–6

10–8

D
ra

in
 c

u
rr

e
n

t 
(A

/c
m

)

C
u

rr
e

n
t 

(A
/c

m
)

LG = 0.3   mµ

NAi = 1016 cm–3

NEL2 = 5 × 1016 cm–3 VG = 0.2 V

VG = 0 V

ID = IS

IG

0 V

–0.2 V

–0.4 V

0 5 10 15

Drain voltage (V)

(a)

0 5 10 15

Drain voltage (V)

(b)

Figure 29. Simulated (a) drain characteristics and (b) terminal currents versus drain voltage
curves of 0.3 �m gate-length GaAs MESFET on undoped semi-insulating substrate shown in Fig.
14(a). Two kinks are seen at VD � 3 � 5 V and at VD � 10 � 15 V (52).

(b) Continuity equations for electrons and holes (d) Current equations for electrons and holes

Jn = −qµnn∇ψ + qDn∇n (44)∂n
∂t

= 1
q

∇ · Jn − {CnN+
EL2n − en(NEL2 − N+

EL2)} (41)
Jp = −qµp p∇ψ − qDp∇p (45)

where N�
EL2 represents the ionized EL2 density, Cn and Cp are

∂ p
∂t

= −1
q

∇ · Jp − {Cp(NEL2 − N+
EL2)p − epN+

EL2} (42)

electron and hole capture coefficients of EL2, respectively, en
(c) Rate equation for deep levels and ep are electron and hole emission rates of EL2, respec-

tively, and other symbol have their normal meanings. By solv-
ing these equations, the deep-trap effects on the substrate
conduction, the sidegrating effects, the slow-current tran-
sients, and the frequency-dependent small-signal parameters

∂

∂t
(NEL2 − N+

EL2) = {CnN+
EL2n − en(NEL2 − N+

EL2)}
− {CpNEL2 − N+

EL2)p − epN+
EL2}

(43)

�y�y �y�y�y ��yy
S G D S G D

104 109

10–1

10–4

101

100

109

109

1010

108

106

1011

1012

1014

1015

105

1011

1013

1013

1011

1012

1012

1010

1010

n n

S.I.

(a) (b)

Figure 30. Calculated hole density profiles at (a) VD � 4 V and (b) VD � 12 V, corresponding to
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