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Numerical Analysis of the Looping Effect in GaAs 
MESFET’s 

Shih-Hsien Lo, Student Member, IEEE, and Chien-Ping Lee, Member, IEEE 

Abstract-The looping effect in the ID-VD characteristics of 
GaAs MESFET’s on semi-insulating substrates has been stud- 
ied using a two-dimensional numerical analysis. Both the tran- 
sient and the steady-state behaviors of the looping phenomenon 
are simulated and discussed. Peak voltage- and frequency- 
dependent behaviors of the looping effect are analyzed. The 
ZD-VD loop is due to the difference in the distribution of ionized 
EL2 concentration when the drain voltage rises and falls be- 
cause of the trapping process of EL2’s. The output conductance 
is also found to be frequency-dependent and is explained by the 
frequency-dependent modulation of the potential barrier height 
at the channelkubstrate interface due to the drain-voltage vari- 

NOMENCLATURE 

Electron capture coefficient of EL2 traps. 
Diffusion coefficient for electrons. 
Electrical field. 
Electron emission rate of EL2 traps. 
Critical electrical field. 
Energy difference between the conduction band 

Frequency. 
Drain current. 
Electron current density. 
Boltzmann constant. 
Free-electron concentration. 
Effective density of states in the conduction band. 
Shallow acceptor concentration. 
Ionized shallow acceptor concentration. 
Shallow donor concentration. 
Ionized shallow donor concentration. 
EL2 Concentration. 
Ionized EL2 concentration. 
Electron charge. 
Time. 
Temperature. 
Saturation velocity for electrons. 
Drain voltage. 
Gate voltage. 

edge and the EL2 level. 
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rl/ Electrostatic potential. 
po Low-field mobility for electrons. 
pn Field-dependent mobility for electrons. 
E Permittivity of GaAs. 

I. INTRODUCTION 
IS WELL KNOWN that the low frequency ZD-VD r characteristics of GaAs MESFET’s fabricated on semi- 

insulating substrates exhibit the anomalous looping phe- 
nomenon (i.e., the hysteresis of drain current) [1]-[3]. 
The loops in the ZD-VD curve are usually observed on a 
curve tracer or an oscilloscope when a continuous, peri- 
odic voltage with a frequency around 100 Hz is applied 
to the drain contact of a GaAs MESFET. The degree of 
the ZD-VD loop is found to be frequency-dependent and 
peak-voltage-dependent [3]. The frequencies at which the 
looping phenomenon can be clearly seen usually range 
from 1 to 100 Hz. Although the loops are observed at 
normal operation voltage range, they are negligible when 
the drain voltage is small. It is believed that the phenom- 
enon is attributed to the slow transient behaviors of the 
deep traps existing in semi-insulating substrates. 

The looping effect not only complicates the analysis of 
the characteristics of MESFET’s but also has a great in- 
fluence on device performance. A complete understand- 
ing of the physical mechanism that governs the behavior 
of the phenomenon is important before this problem can 
be solved or circumvented. There have been several at- 
tempts in the past to study this effect by numerical or an- 
alytical methods [4], [5] .  Son and Tang have studied the 
hysteresis in the ZD-VD relationship by applying a single 
period of sinusoidal wave in the drain voltage [4]. How- 
ever, this is not what people usually measure on a curve 
tracer, which displays a steady-state ZD-VD curve using a 
continuous ac voltage on the drain. The shape of the loop 
in the ZD-VD curve is kept fixed on the oscilloscope. A 
single period of the drain-voltage variation, unless it is 
very long, is usually not long enough to make the device 
reach steady state, so the ZD-VD loop is still in transient 
state, which can be confirmed by the fact that the distri- 
butions of the ionized EL2 concentration at the start of 
the voltage pulse is quite different from that at the end of 
the voltage pulse [4, fig. 71. In [ 5 ] ,  Lee and Forbes used 
an effective time constant to model both the processes of 
electron capture and electron emission for the deep traps 
in the semi-insulating substrate. But in practice, the tran- 
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sient behavior of the electrons captured by the ionized 
deep traps cannot be described by a single exponential 
function with a fixed time constant [6], [7]. Besides, the 
process of electron emission takes a much longer time to 
reach steady state than the process of the electron capture 
does [3], [6]. So, such a simplification of using an effec- 
tive time constant cannot accurately describe the behav- 
iors of the deep traps and the looping phenomenon. 

In this work, the looping effects of the MESFET's both 
in transient state and in steady state are analyzed in depth 
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by a two-dimensiona1 method' The 
Shockley-Read-Hall model is used to describe the behav- 
ior of the EL2 traps. The frequency-dependent and the 
peak-voltage-dependent behaviors of the looping effect are 
considered and explained. 

Fig 1 Device structure of the ion-implanted GaAs MESFET on a semi- 
insulating substrate used in this study 

coefficient and the e lec t ry  emission rate of the EL2 lev- 
els. The current density J, is determined from 11. DEVICE STRUCTURE 

-+ -+ 

The ion-implanted GaAs MESFET's used in this study J, = qnp, E + qD,Vn . (3) 
is shown in Fig. 1. Different implantation profiles are 
chosen for the channel and the source and drain regions. 
In the vertical direction they are represented by the Gaus- 

The ficld-dependent mobility p, is related to the electric 
field by [ l  11 

sian function. The lateral spreading of implanted ions in 
the source and drain regions is described the complemen- 
tary error function [8]. For the channel, the projected 
range, the straggle parameter, and the peak concentration 
are 0.076 pm, 0.05 pm, and 1.2 X loL7 ~ m - ~ ,  respec- 
tively. For the source and drain regions, the projected 
range, the straggle parameter, the lateral spreading pa- 
rameter, and the peak concentration are 0. l pm, 0.07 pm, 
0.07 pm, and 1.0 X loL7 ~ m - ~ ,  respectively. The device 
threshold voltage is about - 1 V,  The gate length is 1 pm, 
and the spacing between the sourceldrain contacts and the 
gate is also 1 pm. The EL2 concentration NT and the shal- 
low-acceptor concentration NA are chosen to be 5 X 10l6 
and 1 x lOI5  cmP3, respectively. Both NT and NA assumed 
in this study are typical values found in normal LEC sub- 
strates [9], [ 101. The total depth of the simulated device 
structure is 3 pm which is deep enough to encompass all 
physical phenomena. In the study, the work function dif- 
ference of the gate metal-semiconductor contact is as- 
sumed to be 0.8 eV. 

111. PHYSICAL MODELS AND NUMERICAL METHODS 
The basic equations used in this study are shown in the 

following: 
1) Poisson's equation: 

(1) 4 V 2 $  = -- (-n + N i  - N i  + N,+) 

where N; is the ionized EL2 concentration. It is assumed 
that the shallow donors and acceptors are all ionized. 

2) Drift-diffusion current continuity equation for elec- 
trons: 

E 

where C, and e, are, respectively, the electron capture 

(4) 

and the diffusion coefficient D, by the Einstein relation- 
ship. 

3) Rate equation for electron traps: 

a 
at 
- (NT - N , f )  = C,N,f IZ - e, ( N T  - N , f )  . 

The relationship between C, and e,, can be expressed as 

( 5 )  

e, = C,Nc exp ( -EcT/kT)  (6) 
where Ec- is the energy difference between the conduc- 
tion band edge and the EL2 level and is assumed to be 
0.69 eV at T = 300 K [12]. The temperature dependence 
of the electron emission rate e,  has been studied by many 
authors [13]. AT T = 300 K,  an emission rate e, of 
0.04514 s-' is used. C, is then determined by (6). 

In the above equations, the hole current and the terms 
associated with holes in the rate equation ( 5 )  are neglected 
because holes are minority carriers and the EL2's are 
electron traps. The surface states existing near the surface 
regions of the MESFET's can also give some anomalous 
effects such as gate lag and kink effects [3]. In this paper, 
these effects are not considered. We assume there are no 
surface states and the Neumann boundary condition is 
used for the top free surface region. The equations are 
discretized by the finite difference method and the full im- 
plicit BEF (Backward Euler Formula) algorithm is used 
for the time-dependent terms. The decoupled Gummel 
method [14] is used to solve these coupled equations. 
These physical models and numerical methods have been 
used and described elsewhere [6]. 
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IV. SIMULATION AND DISCUSSIONS 
In this simulation, the source voltage is 0 V, the gate 

voltage is kept fixed, and the drain voltage is allowed to 
swing between 0 and 2.5 V with a periodic symmetric 
triangular wave. For frequencies ranging from 1 Hz to 1 
kHz, about five-to-ten periods of triangular function are 
enough to let the device reach steady state. The criterion 
of reaching steady state is that the shapes of the loops in 
the ZD-VD curves do not change with time. Before the 
looping phenomenon in steady state is discussed, we first 
consider the transient behaviors of the phenomenon at f 
= 1 kHz, which will help to understand the looping effect 
in steady state. 

A.  Transient Behaviors 
The simulated ZD-VD occurred at the first period ( t  = 

0-1 ms), the second period ( t  = 1-2 ms), and the tenth 
period ( t  = 9-10 ms) of drain voltage variation are shown 
in Fig. 2(a)-(c), respectively. The gate bias is fixed at 0 
V and the frequency is 1 kHz. Before applying the peri- 
odic voltage to the drain contact, the drain voltage is 0 V 
and the device is in equilibrium. At the tenth period, the 
ZD-VD curve has reached the steady state. Comparing Fig. 
2(a) with Fig. 2(b), the loop phenomenon observed at the 
first period is more severe than that which occurred at the 
second period. At the tenth period, shown in Fig. 2(c), 
the loop in the ZD-VD curve disappears. To explain the 
phenomenon that the loop in the ZD-VD curve decays as 
the number of period increases, the depth profiles for the 
ionized EL2 concentration and the conduction band edge 
along the center of the gate at V, = 0 V are shown in Fig. 
3(a) and (b), respectively. In this figure, profile 1 is for 
VD = 0 V and t = 0 ms, profile 2 is for VD = 0 V and t 
= 1 ms, profile 3 is for VD = 0 V and t = 2 ms, profile 
4 is for VD = 0 V and t = IO ms. Besides, in Fig. 3(a), 
profile 5 is for V, = 2.5 V and t = 9.5 ms. Profile 1 is 
quite different from profile 2, so it is expected that the 
looping phenomenon at the first period is quite severe, as 
shown in Fig. 2(a). Profile 3 is slightly different from pro- 
file 2, so it is expected that the looping phenomenon at 
the second period, as shown in Fig. 2(b), is less than that 
at the first period. By the time the drain voltage reaches 
the tenth period, the ionized EL2 distribution has already 
reached steady state. The profiles at t = 9.5 ms (profile 
4) and at t = IO ms (profile 5) are nearly identical. There- 
fore, the loop in the ZD-VD curve is not observed. 

The transient phenomenon described above can be ex- 
plained by the trapping and the detrapping processes of 
EL2’s in the substrate. When the drain voltage suddenly 
rises, the process of electron capture dominates, and when 
the drain voltage suddenly falls, the process of electron 
emission dominates [6]. Because, the electron emission 
process has a longer time constant than the electron cap- 
ture process [3], [6], the average capture rate is far larger 
than the average emission rate. At 1 kHz, the EL2 traps 
cannot completely respond to the ac signal. It is expected 
that at the first Deriod. the number of caDtured electrons 

f = 1 KHz 
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Fig. 2. Loops in ID-VD curve at (a) the first period, (b) the second period, 
and (c) the tenth period. The frequency is 1 kHz and the gate voltage is 0 
V.  

after the drain voltage rises from 0 to 2.5 V is more than 
the number of emitted electrons after the drain voltage 
falls from 2.5 to 0 V. Therefore, as shown in Fig. 3(a), 
the ionized EL2 concentration in the substrate side right 
at the end of the first Deriod (i.e.. t = 1 ms’l is lower than 
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Fig. 3. Depth profiles for (a) the ionized EL2 concentration and (b) the 
conduction band edge. Profile 1 is for t  = 0 ms and VD = 0 V, profile 2 is 
for t = 1 ms and V = 0 V,  profile 3 is for t = 2 ms and VD = 0 V, and 
profile 4 is fort  = 10 ms and VD = 0 V. In (a), profile 5 is f o r t  = 9.5 ms 
and VD = 2.5 V. In  (b), the energy reference level is the conduction band 
edge of the source contact, which is set at 0 eV. 

that at the start of the first period (i.e., t = 0 ms). Since 
the point that the ionized EL2's distribution rises corre- 
sponds roughly to the edge of the depletion region in the 
substrate side at the channel/substrate interface, we can 
clearly see that the depletion edge also moves deeper into 
the substrate. So the depletion region width is wider at the 
end of the first period. This is why the current is lower 
when the drain voltage swings back from 2.5 to 0 V (see 
Fig. 2(a)). In the second period ( t  = 1-2 ms), the number 
of captured electrons is still more than the number of 
emitted electrons, so the ionized EL2 concentration in the 
substrate side continues to decrease. As the period num- 
ber continues to increase, at VD = 0 V, the edge of the 
depletion region shifts farther and the potential barrier 
height continues to increase until the steady state is 
reached. 

B. Looping Effect and its Frequency Dependence 
Because of the trapping effect, the ZD-VD curve ob- 

served is different at different frequencies even at steady 
state, i.e., after many cycles of voltage excursion when 
the ID-VD curve is steady. Fig. 4(a)-(e) presents the sim- 
ulated steady ZD-VD curves with the drain voltage swings 
at 0.1 Hz, 1 Hz, 10 Hz, 100 Hz, and 1 kHz, respectively. 
The drain voltage swings between 0 and 2.5 V with a 

triangular wave. It is clearly seen that the loop in the ZD- 
VD curve is very small at 0.1 Hz but becomes larger as 
the frequency increases. The strongest looping effect is 
observed when the frequency is at 10 Hz. At higher fre- 
quencies, the effect becomes smaller and finally it disap- 
pears at 1 kHz. In addition, the ZD-V, loop is small for 
the gate voltage near the threshold voltage. The calculated 
results agree with the experimental results reported by 
Rocchi [3]. 

The frequency-dependent looping effect is directly re- 
lated to the trapping and detrapping of the EL2's near the 
ChanneUsubstrate interface. As the drain voltage swings 
back and forth, the electrons are captured or emitted. After 
the ZD-VD curve reaches steady state, the number of elec- 
trons captured should be the same as the number emitted 
during each voltage excursion. When the drain voltage 
swing is very fast, say 1 kHz or higher, with a period 
much shorter than the time constants of the trapping and 
detrapping processes, the EL2's in the substrate will not 
have enough time to respond to the changes of the drain 
voltage. The number of electrons captured or emitted is 
very small. So the EL2 distribution and the depletion re- 
gion width at the channel/substrate interface at the same 
drain voltage will stay the same regardless of whether the 
drain voltage goes up or down. The resulting Z,-VD 
curves, therefore, do not have any loop, just as the result 
obtained at 1 kHz. If the drain voltage swings at a very 
low frequency, say 0.1 Hz, the EL2's will have enough 
time to totally respond to the voltage change. At each 
drain voltage during the voltage swing, a steady state of 
ionized EL2 distribution is established. So the ionized 
EL2 distribution, the interface depletion region, and the 
ZD-VD curve are not dependent on the direction of the volt- 
age swing. The loop, therefore, does not appear in the ID- 
V, curve. 

When the frequency of the drain voltage swing is be- 
tween l and 100 Hz, i.e., with a period close to the time 
constant of the trapping process, steady-state ionized EL2 
distributions cannot be reached during the voltage change. 
Electron emission will be dominant at a certain part of the 
voltage cycle and electron capture will be dominant at the 
other part of the voltage cycle. Fig. 5(a) and (b) shows 
the depth profiles of the conduction band edge along the 
center of the gate at VD = 0 and 2.5 V, respectively. The 
frequencies are 0.1 Hz, 10 Hz, and 1 kHz. The energy 
reference level is the conduction band edge of the source 
contact, which is set at 0 eV. From Fig. 5(a), when the 
drain voltage is small or close to 0 V, for frequencies 
larger than 0.1 Hz, the potential barrier at the channel/ 
substrate interface is higher than that in steady state (0.1 
Hz) and the number of electrons that can inject into the 
substrate and be trapped is small, so the electron emission 
is the dominant process. From Fig. 5(b), when the drain 
voltage is close to the peak (2.5 V), for frequencies higher 
than 0.1 Hz, the potential barrier at the channel/substrate 
interface is lower than that in steady state (0.1 Hz) and 
more carriers can gain enough energy to overcome the 
interface potential barrier and inject into the substrate and 
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Fig. 4. Calculated ID-VD characteristics atf = (a) 0.1 Hz, (b) 1 Hz, (c) I O  Hz, (d) 100 Hz, and (e) 1 kHz. 

get trapped. So the capture process dominates at this stage. larger and the edge of the depletion region will be closer 
When the drain voltage rises, the emission-dominant pro- to the interface. While at the end of the capture process, 
cess will gradually change to the capture-dominant pro- because of the captured electrons, there will be less of 
cess, and when the drain voltage falls, the capture-domi- ionized EL2’s in the substrate side, moving the edge of 
nant process will change to the emission-dominant the depletion region away from the interface. This differ- 
process. At the end of the emission-dominant process, the ence in ionized EL2 distribution is verified by the simu- 
number of ionized EL2’s on the substrate side will be lated result shown in Fig. 6(a), in which the depth profiles 



LO AND LEE: LOOPING EFFECT IN GaAs MESFET's 247 

p 0 8  
m 
m 

0 6  

2 0 4  

0 

U 

8 0 2  

0 0  
1 2 3 

5 0.4 0 6 8  

- 0 . 2 ' W '  ' '  " ' '  " ' '  ' '  ' 
Depth (um) 

(b) 

Fig. 5 .  Depth profiles for the conduction band edge atf = 0.1 Hz, 10 Hz, 
and I kHz at (a) Vfl = 0 and (b) Vfl = 2.5 V. The gate voltage is 0 V. The 
energy reference level is the same as that in Fig. 3(b). 

for the ionized EL2's are shown at V,  = 1.5 V during the 
rise and fall of the drain voltage at f = 10 Hz. The cor- 
responding conduction band edge and the free electron 
concentration are shown in Fig. 6(b) and (c), respec- 
tively. In Fig. 6(b), the energy reference level is the same 
as that in Fig. 5 .  When the drain voltage is falling, be- 
cause of the captured electrons during the capture-domi- 
nant period, the potential barrier is higher and the free 
electron concentration in the substrate side is lower than 
those when the drain voltage is rising. So, when the volt- 
age falls, the depletion region is wider, the interface po- 
tential barrier is higher, and the resulting current is lower. 
When the voltage rises, the depletion region is narrower, 
the interface potential barrier is lower, and the current is 
higher. A loop, therefore, appears in the ZD-VD curve. The 
explanation for the gate-voltage-dependent looping effect 
is that for the gate voltage near the threshold voltage, the 
channel is nearly pinched off and the drain current is low 
so that the difference in the drain current when the drain 
voltage is rising and falling is not significant. 

C. Frequency-Dependent Output Conductance 
It can be noticed from Fig. 4 that in the linear region 

of the ZD-VD curves the output conductance decreases as 
the frequency increases, while in the current saturation 
region of the ZD-VD curves the output conductance in- 
creases as the frequency increases. This can be also ex- 
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Fig 6 Depth profiles for (a) the ionized EL2 concentration, (b) the con- 
duction band edge, and (c) the free-electron concentration at Vfl = 1 5 V 
when the drain voltage is rising and falling. In (b), the energy reference 
level is the same as that in Fig. 3(b) 

plained by the frequency-dependent modulation of the in- 
terface potential barrier due to the drain voltage variation. 
From Fig. 5(a), the interface potential barrier at VD = 0 
V increases as the frequency increases, while from Fig. 
5(b), the interface potential barrier at V, = 2.5 V de- 
creases as the frequency increases. With higher potential 
barrier at the channel/substrate interface, the effective ac- 
tive channel thickness is smaller due to a stronger self- 
backgating effect. Therefore, at small drain voltages 
around 0 V, the active channel thickness and the drain- 
current decrease as the frequency increases, while at large 
drain voltages around the peak voltage (2.5 V), the active 
channel thickness and the drain current increase as fre- 
quency increases. Therefore, at low drain voltages, the 
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lation of the potential barrier height due to the drain volt- 
age variation. The effect depends on the peak voltage of 
the drain voltage swing. At small V,, such as 0.8 V, the 
looping effect is greatly reduced. From this study, we 
know that the trapping effect has a great influence on de- 
vice characteristics. DC characterization is not enough to 
predict the device performance at ac operation conditions. 
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