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Numerical Simulation of GaAs MESFET’S with
a p-Buffer Layer on the Semi-Insulating
Substrate Compensated by Deep Traps
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Abstract—Numerical simulation of GaAs MESFET’S with a p-buffer

layer on the semi-insulating substrate is performed in which impurity

compensation by traps in the substrate is considered. It is shown that the

use of a thicker p-buffer layer results in lower device current due to the

formation of a steeper barrier at the channel-substrate interface. It is also

shown that in a case with bigher acceptor and trap densities in the

substrate, the drain current becomes lower due to the decrease in the

substrate current. This decrease in the substrate current occurs due to the

formation of a negative space-charge layer in the substrate. It is concluded

that using a thick p-buffer layer has the same effect as using a substrate

with a high density of traps inasmuch as both of them lead to minimizing

the short-channel effects in GaAs MESFET’S.

I. INTRODUCTION

GaAs MESFET’S fabricated on semi-insulating GaAs

substrates are now very important devices for realiz-

ing high-speed integrated circuits and monolithic mi-

crowave integrated circuits (MMIC’S). The semi-insulating

substrate provides a good isolation between devices in IC’S

and minimizes the parasitic capacitances. Some problems,

however, arise from the fact that the substrate is ‘<semi-

insulating.” It is well known that MESFET characteristics

strongly depend on junction properties between an n-type

active layer and the substrate [1]–[3]. This is because the

semi-insulating material property is achieved by impurity

compensation by traps [4] and hence a space-charge layer

is formed at the active layer–substrate interface [5]. The

increase in substrate current with increasing drain voltage

is believed to be an important cause for the short-channel

effects, and so a device structure with a buried p-layer is

proposed [6]. The high performance of this structure has

been reported [7], [8].

Computer-aided analysis is now a very useful technology

in optimizing the design of semiconductor devices. Several

numerical works for GaAs MESFET’S have been reported

[9]-[16]. However, most of the models neglect the impurity

compensation by traps in the substrate, which strongly

affects the device characteristics, as mentioned above. To

take account of the potential barrier at the active
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Fig. 1. Schematic diagram of a modeled GaAs MESFET with a p-buffer

layer on the semi-msulatmg substrate.

layer–substrate interface, some authors treated a case with

a p-type (buffer) layer as a substrate [11], [13], [15]. Elut,

only a few numerical works have included effects of d,sep

levels in the semi-insulating substrate [14], [16]. Therefore,

the performance of GaAs MESFET’S with a p-buffer layer

on the semi-insulating substrate has not yet been accu-

rately estimated,

In a previous paper [17], we briefly reported some calcu-

lated results on GaAs MESFET’S with a p-buffer layer on

the substrate including deep traps. In this work, we have

systematically simulated GaAs M ESFET’S with a p-buffer

layer on the semi-insulating substrate, in which impurity

compensation by deep traps is considered. We describe the

model first. Next, calculated results are described with

emphasis placed on the effects of using a p-buffer layer on

the MESFET’S characteristics. IEffects of the impurity

compensation by traps on the MESFET’S characteristics

are also described. It is finally shown that using a thick

p-buffer layer has the same effect as using a substrate with

a high density of traps inasmuch as both of them lead to

minimizing the short-channel effects in GaAs MESFET’S.

II. MODEL

A. Device Structure

The device structure simulated in this study is shown

in Fig. 1. The donor density in the active layer of the

MESFET, IVD, is 1017 cm -3, and its thickness is 0.12 pm,

so that it can be a normally off or slightly normally on
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type. The acceptor density in the p-buffer layer, NAP, is set

to be 1016 cm -3. As a semi-insulating substrate, we assume

an undoped semi-insulating LEC (liquid encapsulated

Czochralski) GaAs, where deep donors “ EL2° compensate

shallow acceptors [18]. In this case, ionized deep donors

act as electron traps [5]. The gate length, L~, and the

thickness of the p-buffer layer, d, are varied, as parame-

ters, to study the MESFET’S characteristics. The deep

donor density, NT, and the shallow acceptor density, Ndl,

in the substrate are typically set to be 5 X 1014 cm – 3 and

5 X 1013 cm-3, respectively [17]. But, in some cases, they

are also varied as parameters while keeping N~Z/N~ = 0.1,

which corresponds to an equilibrium electron density of

107 cm- 3 in the substrate.

B. Basic Equations and Material Parameters

In general, the basic equations for device analysis be-

come rather complex when deep levels are included [16]. In

the present case, however, a simplified approach is adopted.

We treat the steady-state condition and, further, neglect

the contribution from holes because the trap “ EL2° is an

electron trap [5], [16]. The neglect of holes can actually be

justified when the p-buffer layer is fully depleted. Thus the

basic equations become the following.

a) Poisson’s equation:

y72y=-; (-n+ N~– N~+N~) (1)

Ncexp{–(Ec– E~)/kT}
(2)

‘~ = n +Ncexp{ –(Ec– E~)/kT} ‘~”

b) Continuity equation of electron current:

v. J~=O. (3)

c) Electron current equation

Jn = – qp.n~+ + qDnVn. (4)

The meanings of the symbols are as follows:

Electrostatic potential.

Electron charge.

Dielectric permittivity.

Electron density.

Shallow donor density.

Shallow acceptor density.

Ionized deep donor density.

Effective density of states in the conduction band.

Energy level of the bottom of the conduction

band.

Energy level of the deep donor “ EL2.”

Boltzmann’s constant.

Absolute temperature.

Electron current density.

Electron mobility.

Electron diffusion coefficient.

The trap energy level ET and the transport coefficients

p. and D,, should be given to solve the above equations.
Here E= – ET is assumed to be 0.69 eV at T= 300 K [4].

The Einstein relation is assumed to hold between the

mobility and the diffusion coefficient, and the field depen-

dence of the mobility is taken into account as given below:

l+(UnS/P,,OIEl) (E/EO)4
P’n=Pno (5)

l+(E/Eo)4

where E is the electric field. E. = 4000 V/cm and Un, =

8.5 X 106 cm/s; P.O is the low-field electron mobility and

is assumed in this study to be 4500 cm2/Vs both in the n

layer (1017 cm- 3, and in the semi-insulating substrate.

C. Discretization and Boundary Conditions

The basic equations are put into discrete forms by the

finite difference method. The Scharfetter–Gummel formu-

lation is adopted for the discretization of the current

equation [19].

As boundary conditions, equilibrium electron densities

are assumed at the source and drain contacts. At these

contacts, electrostatic potentials are set equal to the ap-

plied voltages. At the gate contact, a barrier height of 0.8

eV is assumed, and the electron density is determined

based on the thermionic emission theory. At free surfaces,

the normal derivatives of current density and electrostatic

potential are set to zero; that is, an ideal surface is as-

sumed, as has usually been done.

The discretized equations are solved by an iterative

method based on Gummel’s scheme [20].

111. RESULTS AND DISCUSSIONS

A. Device Characteristics

We have calculated the drain current–drain voltage

(lD -V~) characteristics and the drain current-gate voltage

(lD - V~) characteristics of GaAs MESFET’S with gate

lengths of 0.3 pm, 0.5 ym, 1 pm, and 2 ~m. The thickness

of the p-buffer layer, d, is varied from O to 0.3 pm. The

shallow acceptor density, N~,, and the deep donor density,

NT, in the substrate are 5 X 1013 cm-3 and 5 X 1014 cm-3,

respectively. Note that in the two-level compensation model

considered here, NAZ is equal to the density of empty traps

in the substrate under equilibrium [5]. It should also be

noted that when d <0.3 pm, the p-buffer layer is fully

depleted and a neutral p-region does not exist. We have

confirmed, by the full two-carrier simulation, that the

current–voltage characteristics shown below are the same

as those calculated by taking into account the contribution
from holes.

Fig. 2 and Fig. 3 show calculated examples of

1~ – V~ characteristics of 0.3-pm- and 2-pm-gate-length

MESFET’S, respectively. In these figures, (a) is for a

MESFET on the semi-insulating substrate without a p-

buffer layer, and (b) and (c) are for MESFETS with a

p-buffer layer on the semi-insulating substrate. From these,

we can point out the following features.

1) Without a p-buffer layer, the drain currents increase

more rapidly with drain voltage. particularly for a

shorter gate length MESFET. The transconductance
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Fig. 2 Calculated dram current-drain voltage characteristics of 0.3-
/m-gate-length GaAs MESFET’s with ap-buffer layer thmknessof d.

(a) d= Opm; (b) d=O.1 ~m: (c) d= O.3ym. The shallow acceptor

density N~, andthedeep donor density Nrinthe substrate are 5X1013
cm–~ and 5X1014 cm–~, resDectivelv.
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Fig. 3. Calculated drain current-drain ~oltage characteristics of 2-pm-

gate-length GaAs MESFET’S with a p-buffer layer thickness of d.

(a) d= Opm; (b) d= 01 pm; (c) d= 0.3pm. The shallow acceptor
density N~, andthedeep donor density N~inthe substrate are 5X1013
cm-~ and 5x1014 cm-3, respectively.

is lower in a relatively low current region (< 0.2

A/cm).

2) Thedrain current islower inthecase with a thicker

p-buffer layer.

The nonsaturation of drain currents can be explained by

the presence of current conducticln through the substrate.
This substrate current flows directly from the n-layer at

the source side to the drain through the substrate, and is

noticeable in the case with lower acceptor density in the

substrate [5], [16]. Therefore, the contribution of substrate

conduction is most pronounced, a~sseen in Fig. 2 and IFig.

3, for a shorter gate length MESFET without a p-buffer

layer. The presence of substrate conduction means that



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 373 NO. 9, SEPTEMBER19891374

10°

1-
Z 1(J2
&
a
3
v

10-4

10+

~—

0.1 pm

I
-1.0 -0.5 0

GATE VOLTAGE (V)

Fig. 4. Drain current–gate voltage characteristics of 0.3-pm-gate-length

GaAs MESFET”S, with the thickness of a p-buffer layer d as a
parameter. N~, = 5 X1013 cm-3 and Nr = 5 X1014 cm-3. V~ =1 V,

current flows far from the gate, resulting in a lower trans-

conductance in the region where the substrate current is

dominant.

Next, we discuss the dependence of device characteris-

tics on the thickness of the p-buffer layer. Fig. 4 shows the

calculated 1~ – V~ characteristics of 0.3-pm-gate-length

MESFET’S as a function of the thickness d of the p-buffer

layer. As mentioned before, the drain current is lower in

the case with a thicker p-buffer layer. This can be under-

stood by considering the formation of a space-charge layer

at the active layer–substrate interface. Fig. 5 and Fig. 6

show the potential profiles and the current distributions,

respectively, for different thicknesses of the p-buffer layer.

It is understood that for thicker d, the barrier at the active

layer–substrate interface is steeper due to the higher den-

sity of negative charges in the substrate. This opposes

electron injection into the substrate, leading to a decrease

in the contribution of substrate current, as seen in Fig. 6.

In addition to this effect, the negative charges in the

substrate must be compensated by positively ionized

donors in the active layer. So the channel becomes effec-

tively thinner by this space-charge effect, and the drain
current becomes smaller for a thicker p-buffer layer. The

drain current reduction by this space-charge effect is ob-

served for relatively low V~ ( <0.2 V), where the substrate

current is not dominant.

As shown above, the MESFET’S characteristics are

strongly influenced by the presence of a p-buffer layer.

The use of a thick p-buffer layer reduces the contribution

of substrate conduction. It is speculated that even if the

trap density in the substrate is low and the contribution of

substrate current is significant, it can be reduced by intro-

ducing a p-buffer layer or a buried p-layer.

(a)

I.or

(b)

Fig. 5. Comparison of potentiaf profiles of 0.3-pm-gate-length GaAs

MESFET’S with different p-buffer layer thickness d, NAi = 5 x 1013

cm–3 and NT=5X1014cm’3, V~=l Vand V~=OV. (a)d=O.l pm.

(b) d = 0.3 pm,

B. Effects of Impurity Compensation in the Substrate

In the previous section, the trap density, NT, and the

acceptor density, N~i, in the substrate are set to be 5 x 1014

cm–3 and 5 x 1013 cm – 3, respectively. In this section, to

study the effects of impurity compensation in the sub-

strate, we have calculated the 1~ – V~ characteristics and

1~ - V~ characteristics of GaAs MESFET’S with a p-buffer

layer on the semi-insulating substrate in which NT and N~,

are varied while keeping N~i/NT = 0.1. This corresponds

to an equilibrium electron density of 107 cm-3 in the

substrate.

Fig. 7(a) and (b) shows the calculated ID – VD character-

istics of 0.3-pm-gate-length GaAs MESFE~s with differ-

ent trap and acceptor densities in the substrate. These are

for MESFET’S without a p-buffer layer. It is seen that for

higher NT and NAi in the substrate, the drain currents are

lower and their increases with drain voltage are less notice-

able. These effects can be explained by the fact that for

higher NAi, the barrier at the active layer–substrate inter-

face is steeper due to a higher density of negative charges
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Fig. 6. Comparison of current distributions of 0.3-pm-gate-length GaAs
MESFET’S with different p-buffer layer thickness d. NA, = 5 x 1013

cm-~ and iVT=5x1014 cm-3, b’D=l Vand V~=O V,(a) d= O.lpm
(b) J = 03 p’m.
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Fig. 7. Calculated drain current-drain voltage characteristics of 0,3- Fig. 8. Calculated drain current-drain voltage charactermtics of 0.3-
pm-gate-length GaAs MESFET’S without a p-buffer layer (d= O pm) pm-gate-length GaAs MESFET’S with a p-buffer layer thickness I/ of
The trap and acceptor densities in the substrate are higher than those 0.3 pm. The trap md acceptor densities In the substrate are higher than
in Fig. Z(a). (a) N4, =1015 cm–3, NT =1016 cm–q (b) N4j =10]6 cm-3,
Nr=10i7 cm-3.

those in Flg 2(c). (a) N,,, =1015 cm–3. ATr =1016 cm–3. (b) N4, =1016
cm 3, AIT =11’j17 cm-3
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Fig. 9. Drtincurrent-gate voltage characteristics of O.3-pm-gate-Iength
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than those in Fig. 4. k’~=1 V. (a) N~, =10L5 cm-3, N~=1016 cm-3.
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in the substrate. This opposes electron injection into the

substrate, leading to, the decrease in the substrate current.

To give another physical explanation, N~, is, in the two-
level compensation model considered here, equal to the

density of empty traps under equilibrium, and so the

thickness of the trap-filled region in the substrate under

equilibrium (which is equal to (2cVB/qNA, )1’2, where VB is

the built-in potential at the n–i junction [5]) becomes

thinner for higher N~l, leading to the lower substrate

current.

Fig. 8(a) and (b) shows the calculated ID – VD character-

istics of 0.3-pm-gate-length GaAs MESFET’S with a p-

buffer layer thickness of 0.3 pm. The impurity densities in

the substrate are the same as those used in Fig. 7(a) and

(a)

(b)

Fig. 10. Potential profiles of 0.3-pm-gate-length GaAs MESFET’S (a)
without a p-buffer layer and (b) with a p-buffer layer thickness of O3
pm. N~, =1016 cm-3 and NT =1017 cm-3 VD =1 V and VG =0 V,
Note that NA, = NAP in thrs case

(b), respectively. They are similar to the ID- VD curves

shown in Fig. 7(b), where the acceptor and trap densities

in the substrate are higher than those in Fig. 7(a) and the

substrate current is lower. These results suggest that the

use of a thick p-buffer layer has the same effect as using a

substrate with high density of traps in the sense that both

of them reduce the substrate current.

Fig. 9 shows the calculated ID – V~ characteristics of

0.3-pm-gate-length GaAs MESFET’S. with the thickness of
the p-buffer layer, d, as a parameter. Two cases with

different trap and acceptor densities in the substrate are

shown. As in the case shown in Fig. 4, the drain currents

are lower for a thicker p-buffer layer when NT and N~, are

relatively low (Fig. 9(a)). However, in the case of N~z = 1016

cm–3 and NT = 1017 cm – 3 (Fig, 9(b)), there is little depen-

dence of ID – VG curves on d. This is because in this case

N~l = NAP and so, as is shown in Fig. 10, the potential

distributions at the active layer–substrate interface show

little dependence on the thickness of the p-buffer layer if it

is fully depleted. It should be noted that in the case of
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d = 0.3 pm, the ID – VG curves are, as seen in Fig. 4 and

Fig. 9, almost the same as for the case without a p-buffer

layer (d= O pm) and with high acceptor and trap densities

in the substrate (N~l = 1016 cm–3, NT = 1017 cm–3). This

can be understood from the fact that in the case of

N~, =1016 cm-3 in the substrate (with d = O pm), the

thickness of the trap-filled region or the space-charge

region in the substrate under equilibrium, which is given

by (2cVB/qNA, )1i2, is 0.293 pm and is comparable to the

thickness of the p-buffer layer (0.3 pm) considered here.

As shown above, the use of a substrate with high trap

and acceptor densities reduces the contribution of sub-

strate conduction. It is also shown that using a thick

p-buffer layer has the same effect as using a substrate with

a high density of traps in the sense that both of them

reduce the substrate current. It is demonstrated that when

the p-buffer layer is fully depleted, the acceptors in the

p-buffer layer play the same electrical role as the acceptors

within the space-charge region of the semi-insulating sub-

strate.

C. Short-Channel Effects

The threshold voltage of a MESFET is an important

parameter in GaAs IC’S. Its shift with shortening the gate

length is well known as the short-channel effect, and is

fatal in circuit design. We discuss this phenomenon in

terms of impurity densities in the p-buffer layer and in the

semi-insulating substrate.
Fig. 11 shows an example of the ID – VG characteristics

of GaAs MESFET’S without a p-buffer layer for different

gate lengths. As the gate length becomes shorter, the

lD – VG curve shifts in the negative direction in V& and

further, its gradient in the subthreshold region becomes

smaller. This represents the short-channel effect. To repre-
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Fig. 12. Threshold voltage as a funcllon of gate length for GSAS
MESFET’S on a p-buffer layer, with the thickness of a p-buffer IIayer,
d, as a parameter. The threshold voltage is defined here as the gate
voltage when ID becomes 5 x 10 3 A/cm (5 p A/10 pm) at V~:= 1 V.
Three cases with different trap and acceptor densities in the substrate
are shown. (a) N,, =5 X10’3 cm-’, N.= 5 X10’4 cm-’. (b) N., ==10’5
cm – 3, NT =1016 cm–3. (c) N4, =1016 cm–3, NT=1017cm–3.
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sent the short-channel effects, we define the threshold

voltage as the gate voltage when ID becomes 5 X 10-3

A/cm (5 pA/10 pm) at V~ =1 V.

Fig. 12 shows the threshold voltage versus gate length

with the thickness of a p-buffer layer, d, as a parameter.

Three cases with different trap and acceptor densities in

the substrate are shown. In the cases with relatively low

trap and acceptor densities in the substrate (Fig. 12(a) and

(b)), it is seen that for thinner d, the threshold voltage is

more negative for a given gate length, and its shift with a

shortening of the gate length is larger. The former can be

understood by the fact that for thinner d, the effective

channel becomes thicker because of the narrower space-

charge region in the n layer, and also the potential barrier

at the active layer–substrate interface is less steep. The

latter arises from the increase in the direct substrate cur-

rent with shortening of the gate length. This substrate

current becomes important, as seen in Fig. 2 and Fig. 3,

for shorter gate length MESFET’S with thinner d. There-

fore, the shift of the threshold voltage is pronounced in the

case with thinner d. As is evident from Fig. 12, the

short-channel effect is reduced when the trap and acceptor

densities in the substrate are higher. It should be noted

that in Fig. 12(c), the threshold voltage–gate length curves

are almost independent of d. This is because in this case

NAP = N~, and so the negative charges in the substrate side

are almost the same for all d if the p-buffer layer is

depleted. It is concluded that using a thick p-buffer layer

has the same effect as using a substrate with a high density

of traps since both of them lead to minimizing the short-

channel effects in GaAs MESFET’S.

As shown above, the substrate current must be de-

creased to minimize the short-channel effects. Qualita-

tively, it was shown by experiments [6] that using a buried

p-layer or a p-buffer layer could reduce the short-channel

effects. Quantitative comparison of the calculated results

with experiments is an important work to be done in the

future.

IV. CONCLUSION

A numerical analysis of GaAs MESFET’S with a p-buffer

layer on the semi-insulating substrate is performed in

which impurity compensation by traps in the substrate is

considered. It is shown that the use of a thick p-buffer

layer results in the lower device current due to the forma-

tion of a steep barrier at the channel–substrate interface.

It is also shown that in a case with higher trap and

acceptor densities in the substrate, the drain current be--

comes lower due to the decrease in the substrate current.

This decrease in the substrate current occurs due to the

formation of a negative space-charge layer in the substrate.

It is demonstrated that when the p-buffer layer is fully

depleted, the acceptors in the p-buffer layer play the same

electrical role as the acceptors within the space-charge

region of the semi-insulating substrate. It is concluded that

using a thick p-buffer layer has the same effect as using a

substrate with a high density of traps. Both of them lead to

minimizing the short-channel effects in GaAs MESFETS.

Therefore, even if the trap density in the substrate is low,

the short-channel effects can be reduced by introducing a

p-buffer layer or a buried p-layer.
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