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The reduction of the conductance of GaAs FETs by a negative voltage applied to the substrate, termed
backgating or sidegating, is numerically modelled to clarify which type of traps is responsible. Modelling
is carried out for several sets of deep levels in the substrate. It is observed that deep acceptors are mainly
responsible for backgating independently of the shallow level type in the substrate. In this case there is
no threshold. When deep donors are present in the substrate, it is observed that backgating is reduced
and there is a threshold. The presence of a buffer layer between the channel and the semi-insulating sub-
strate also helps in reducing backgating.
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1. Introduction

Backgating (or sidegating) effect has been bothering GaAs
integrated circuit (IC) technology for a long time because it is
responsible for parasitic interactions between neighbouring IC
components, thus lowering the maximum attainable integration
density. Backgating is the channel conductance reduction of a
GaAs field-effect transistor by a negative voltage applied to the
semi-insulating substrate [1]. In some cases, backgating has a
threshold voltage Vy,; that is the channel current is reduced only
when the substrate voltage exceeds Vi, Several backgating
models have been proposed, and in all of them, it is eventually
attributed to the widening of the depletion region of the chan-
nel-substrate interface (C-S-I). In the model explaining the thresh-
old [2], backgating is due to electron injection into the substrate
from the backgate, where Vy, is the trap-fill-limit (TFL) which is
the minimum voltage to make the substrate conducting and hence
the applied voltage reaches the (C-S-I). The hot electron model [3]
relates backgating to the accumulation of excess electrons in the
near-channel region of the substrate, occurring when the electric
field in the substrate exceeds the threshold of N-type negative dif-
ferential conductivity (NDC). Backgating is also related to the
Frenkel-Poole hole emission from deep acceptors [4]. In other
models [5,6] backgating is associated with the impact ionization
of deep traps in the substrate which increases the free electron
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density, thus changing the voltage distribution between the bulk
of the substrate and the (C-S-I). Previous works confirmed that
the threshold voltage for sudden increase in substrate leakage cur-
rent is exactly the same as the threshold voltage for the backgat-
ing effect [2]. This correlation shows that this effect depends not
only on the properties of (C-S-I) but also on the current transport
through the substrate. Recently Murty and Jit reported that GaAs
MESFET capacitances are photo dependent and this is due to trap-
ping effects in the substrate which also responsible for backgating
[7].

This work is a numerical simulation of the backgating phenom-
enon observed in GaAs FETs. The main aim of this paper is to show
that the threshold for backgating depend, among other factors, on
the type of traps located in the substrate.

2. Sample structure

The substrate is assumed to contain shallow and deep levels.
The density of deep levels is usually greater than that of shallow
levels for typical semi-insulating substrates [8]. Deep acceptors
are assumed to be located at the middle of the energy gap
(Ey + 0.7 eV) which is a typical value for Cr levels in Cr-doped semi
insulating GaAs widely used as substrate for GaAs FETs while deep
donors are located at Ec — 0.75 eV which is a typical value for the
well known EL, [9]. The channel is n-type with a density of 10'®
cm > shallow levels. The channel thickness is ac = 0.2 pm, that of
the substrate is a; = 10 pm. The backgating is studied for two types
of devices: with and without a high purity buffer layer between the
channel and the SI substrate.
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3. The transport equations

The transport in semiconductors is governed by three sets of
differential equations. The Poisson’s equation relating potential
with charge densities:
¢’y _ q
@:—;(p—n“rND_NAJF(l — fo)Ntp — faNta) (1)
where 1 is the potential, ¢ = ¢g¢; is the dielectric constant of GaAs; n
and p are the free electron and hole densities, (Np — Na) is the effec-
tive doping distribution, Nrp is the deep donor density, Nta is the
deep acceptor density and fpa) is the occupation probability of
the deep donor (or acceptor) given by the Shockley-Read-Hall sta-
tistics [10] as:
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Eris the energy level of the trap, E; is the intrinsic Fermi level, Gy is
the trap capture coefficient for electrons (holes), n; is the intrinsic
density, k is the Boltzmann constant and T is the absolute

f= (2)

temperature.
The electron and hole conservation laws can be written as:
1 dJ, _
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where G is the external generation rate, U is the net recombination
rate and G; is the impact ionisation generation rate which may be
important for high electric field and current. The external generation
rate is obviously negligible. The impact ionisation is given by [11]

mwwwmua—%“%@Y} )

G = o(E) q

o(E) is the field dependent impact ionisation coefficient, o, =
3.5 x 10° cm ™! and E; = 550 kV/cm. Recombination in GaAs can be
direct (from band to band) or via recombination centres located
in the energy gap. The first can be negligible if there are high den-
sities of recombination centres. The second mechanism is given by
the Shockley-Read-Hall model [10] for a single species of recombi-
nation centres as:
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t, and 1, are the minority carrier lifetimes given by:
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U=
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Since we have considered two deep levels then the net recombina-
tion rate is the sum of the two rates.

Although the electric field is high (can reach 200 kV/cm for a
substrate bias of 200V) the currents J, and J, are very small
(=107 Acm~2 in reverse bias). This gives G ~10''s !'cm™>
which is negligible compared to U which can be as high as
107 s~ cm~2 since t, and 1, can as low as 10~'°s in GaAs with
the presence of high density of traps and or recombination centres.

The electron and hole currents are given by:

.]n = —Hn <qn% - kT%) (7)
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where u, and p, are the electron and hole mobility whose depen-
dence on the electric field E is taken into account by the following
empirical relation:
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With o =4500cm?V~1s7! is the low field electron mobility,
tpo=400cm?V~'s™! is the low field hole mobility, v,s=
8.5 x 10° cm s~ is the electron saturation velocity, vy =107 cm s~
is the hole saturation velocity and Eq=4000V cm! is the peak
electric field [12].

Hn = Hno

4. Numerical method of resolution

The numerical simulation was carried out using the package
Kurata [13]. The three differential Egs. (1), (3) and (4) together with
Eqgs. (5)-(8) are numerically solved for the three unknowns: , n
and p with appropriate boundary conditions. These are that electri-
cal neutrality holds at the ohmic contact for the space charge while
for the potential is zero and the applied voltage at the ends of the
channel and the substrate respectively. These gives six boundary
conditions which are:

2
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M here indicates the trap charge,- for a deep acceptor and + for a
deep donor, Nps and Nas are the densities of the shallow donors
and acceptors in the substrate, V,pp is the applied voltage to the
substrate.

Obviously the quantities, J,, J, and U involve nonlinear functions
which are linearised by Taylor expansion neglecting higher order
terms. According to Scharfetter and Gummel [14], the current
equations are rewritten in integral forms by assuming that the cur-
rent is constant between adjacent points and a linear variation of
the electrostatic potential.

5. The backgating

The backgating is studied by calculating the space charge in-
duced by the partial depletion of the channel by the applied sub-
strate voltage to reduce its effective thickness and hence the
conductance. Since the channel is n-type, then the conductance
is given by

G — i — q.unEZC /‘0 ndX — q.u;ZC
a
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Where I is the current, V is the applied voltage and E is the electric
field in the channel. Z. and [ are the length and the width of the
channel, respectively. The integral boundaries are at the contact
with the gate (x=-a.) and the interface with the substrate
(x=0). The normalised conductance is then G/Gy. G and Gq are
the conductance under an applied bias and under zero bias,
respectively.
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6. Results and discussions
6.1. The effect of deep acceptors

First we consider that only a deep acceptor is present in the sub-
strate. The normalized calculated conductance is presented in
Fig. 1. The conductance decreases with increasing density of the
deep acceptor. It is reduced at a voltage smaller than the one in
the case of their absence. This is evident since acceptors give the
substrate a p-type like semiconductor, with a high density than
in previous case (without traps). Hence an applied negative voltage
to the substrate is a reverse bias. The depletion region at the chan-
nel-substrate interface widens causing a decrease in the channel
width and hence in its conductance.

6.2. The effect of the deep donors
Adding deep donors to substrate make the conductance reduc-

tion have a threshold. So increasing the deep donor density in-
creases the threshold as shown in Fig. 2. At high deep donor

Normalised conductance
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Fig. 1. The normalised conductance as a function of the reverse voltage applied to

the substrate of the MESFET without a buffer layer with the deep acceptor density
increasing from 0 to 10'7 cm™>.
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Fig. 2. The normalised conductance as a function of the reverse voltage applied to
the substrate of the MESFET without a buffer layer with the deep donor density
increasing from 0 to 10'7 cm 3.

density the conductance remains constant, but beyond a certain va-
lue of the applied voltage it drops rapidly. A higher voltage is then
required to reach the channel-substrate interface to cause a reduc-
tion in the channel conductance. This is the case of backgating with
threshold voltage. So, the donors reduce backgating. When the do-
nors are larger than the acceptors their effect becomes more appar-
ent. Hence to reduce the effect of deep acceptors (responsible for
backgating), they are compensated by deep donors. This increases
the electron density and lowers that of holes in the substrate.

6.3. The presence of a buffer layer

Adding a buffer layer can have an effect on backgating and this
is shown in Figs. 3 and 4 in the presence of deep acceptors and
donors respectively. A buffer layer reduces the effect of deep cen-
ters in the substrate on the space charge region at the channel-
substrate interface, which is responsible for backgating. Deep
acceptors enhance backgating, and thus reducing their effect by
adding a buffer layer will reduce backgating too (Fig. 3 is compared
with Fig. 1). As to deep donors, they reduce backgating, and thus

Normalised conductance
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Fig. 3. The normalised conductance as a function of the reverse voltage applied to
the substrate of the MESFET with a buffer layer with the deep acceptor density
increasing from 0 to 107 cm—>.
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Fig. 4. The normalised conductance as a function of the reverse voltage applied to
the substrate of the MESFET with a buffer layer with the deep donor density incr-
easing from 0 to 10’7 cm 3.
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when their effect is reduced by adding a buffer layer, backgating is
enhanced (compare Fig. 4 with Fig. 2).

7. Conclusions

The backgating effect in GaAs Field Effect Transistors was
numerically modelled as a function of the density of deep accep-
tors and donors and the presence of a buffer layer. The presence
of deep acceptors in the substrate increases the backgating. The do-
nors reduce the backgating since they make the substrate less p-
type hence the depletion region inside the channel decreases.
The buffer layer reduces backgating in the presence of deep accep-
tors but enhances it in the presence of deep donors. As a suggestion
and in order to reduce backgating, is adding high density of deep
donors to compensate deep acceptors.

References

[1] Itoh T, Yanai H. Stability of performances and interfacial problems in GaAs
MESFETs. IEEE Trans Electron Dev 1980;ED-27:1037-43.

[2] Lee CP, Lee SJ, Welch BM. Carrier injection and backgating effect in GaAs
MESFET’s. IEEE Electron Dev Lett 1982;EDL-3:97-8.

[3] Makram-Ebeid S, Minondo P. The roles of the surface and bulk of the semi-
insulating substrate in low-frequency anomalies of GaAs FETs. IEEE Trans
Electron Dev 1985;ED-32:632-42.

[4] A Gergel V, II'ichev EA, Lukyanchenko Al, Poltoratskii EA, Solyakov AN. Physical
model of control of a field-effect transistor via a semi-insulating substrate. Sov
Phys Semicond 1990;24:1310-4.

[5] Li Z, Day DJ, McAlister SP, Hurd CM. Inclusion of impact ionization in the
backgating of GaAs FET’s. IEEE Electron Dev Lett 1990;EDL-11:342-5.

[6] Zhao FC, Xia GQ, Du LX, Tan HZ. Improved analytical model for threshold
behavior of sidegating effect in GaAs metal-semiconductor field-effect
transistors induced by impact ionization of deep traps. ] Appl Phys
1999;85:604-7.

[7] Narasimha Murty Neti VL, Jit S. A new analytical model for photo-dependent
capacitances of GaAs MESFET’s with emphasis on the substrate related effects.
Solid State Electron 2006;50:1716-27.

[8] Lindquist PF. A model relating electrical properties and impurity
concentrations in semi-insulating GaAs. ] Appl Phys 1977;48:1262-7.

[9] Kocot C, Stolte C. Backgating in GaAs MESFET's. IEEE Trans Electron Dev
1982;29:1059-64.

[10] Shockley W, Read WT. Statistics of the recombination of holes and electrons.
Phys Rev 1952;87:835-42.

[11] Shur M. GaAs devices and circuits. New York: Plenum Press; 1987.

[12] Horio K, Asadaand K, Yanai H. Two-dimensional simulation of GaAs MESFETs
with deep acceptors I the semi-insulating substrate. Solid State Electron
1991;34:335-43.

[13] Kurata M. Numerical analysis for semiconductor devices. Lexington: Lexington
Books; 1982.

[14] Scharfetter DL, Gummel HK. Large signal analysis of a silicon read diode
oscillator. IEEE Trans Electron Dev 1969;16:64-77.



	Dependence of backgating on the type of deep centres in the substrate of GaAs FETs
	Introduction
	Sample structure
	The transport equations
	Numerical method of resolution
	The backgating
	Results and discussions
	The effect of deep acceptors
	The effect of the deep donors
	The presence of a buffer layer

	Conclusions
	References


