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Numerical Analysis of the Frequency-Dependent 
Output Conductance of GaAs MESFET’s 

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

Absrrucl-The small-signal output conductance of GaAs 
MESFET’s on semi-insulating substrate has been studied using 
two-dimensional numerical analysis. Frequency-, tempera- 
ture-, and drain-bias-dependent behaviors of the output con- 
ductance are analyzed. It is confirmed that the bulk EL2 traps 
contribute significantly to the low-frequency-dependent behav- 
ior of the output conductance. Devices with different back- 
ground trap concentration and acceptor concentration have 
been analyzed and compared. For devices with higher trap con- 
centration and higher acceptor concentration, the output con- 
ductance is lower but exhibits stronger frequency dependence. 

NOMENCLATURE 

Electron capture coefficient of EL2 traps. 
Electron diffusion coefficient. 
Electron emission rate of EL2 traps. 
Energy difference between the conduction band 

Energy gap of GaAs. 
Frequency. 
DC drain current. 
AC drain current. 
Electron current density. 
Boltzmann constant. 
Degree in Kelvin. 
Free electron concentration. 
Shallow acceptor concentration. 
Effective density of state in the conduction band. 
Donor concentration. 
Effective density of state in the valence band. 
EL2 concentration. 
Ionized EL2 concentration. 
Electron charge. 
Time. 
Temperature. 
Volt. 
DC drain voltage. 
AC drain voltage. 

edge and the EL2 level. 
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V ,  DC gate voltage. 
yD Small-signal output conductance. 
.ZD Small-signal output resistance. 
E Permittivity of GaAs (F/cm). 
p Electron mobility (cm2/V s) 
k Electrostatic potential. 
w Angular frequency (radian/s). 

I. INTRODUCTION 

T IS well known that the small-signal output conduc- I tance of GaAs MESFET’s fabricated on semi-insulating 
substrates are frequency-dependent (below about 1 MHz) 
[ 11-[9]. The small-signal output conductance from dc 
measurements differs significantly from the value ob- 
tained at high frequencies. The shift in output conduc- 
tance varies widely depending on the bias condition and 
the device structure. At high frequencies, the output con- 
ductance saturates and the saturation frequency is very 
sensitive to the temperature of operation [4], [7], [SI. The 
change in output conductance has a great impact on de- 
vice performance, and it is a serious problem for many 
analog and digital circuits. 

A complete understanding of the real causes of the fre- 
quency-dependent phenomena will provide correct infor- 
mation for large-signal device modeling and predict the 
performance of MESFET’s and complex integrated cir- 
cuits. Many authors have recognized that the frequency- 
dependent behavior of the output conductance is closely 
related to the slow time response behavior of the deep 
traps near the channel-substrate interface [I] a [2], [ 5 ] .  
Until now, all the reported works concerning this behav- 
ior have been based on experimental measurements [1]- 
[9]. Detailed numerical simulation, which can quantita- 
tively calculate the influence of the deep traps on the out- 
put conductance is still nonexistent. 

In this work, the frequency dependence of the output 
conductance of GaAs MESFET’s is studied by a two-di- 
mensional sinusoidal steady-state analysis [lo]. The bulk 
electron traps-EL2’s are taken into consideration by an 
Ideal and simplified Shockley-Read-Hall trap model, The 
temperature-dependent and drain-bias-dependent behav- 
ior is simulated and compared with published experimen- 
tal results. In addition, devices with different trap con- 
centrations and different acceptor concentrations are 
simulated and compared. 
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Semi-Insulating Substrate r’ 
Fig. 1. Device structure of the ion-implantation GaAs MESFET on semi- 

insulating substrate used in the study. 

11. DEVICE STRUCTURE 
The device structure for the GaAs MESFET’s used in 

this study is shown in Fig. 1. This is a selectively ion- 
implanted MESFET structure [ 111. The doping profile for 
the channel is represented by a Gaussian function. The 
gate length is 1 pm, and the spacing between the source/ 
drain contacts and the gate is 1 pm. The total depth of the 
simulated device is 3 pm, which is deep enough to en- 
compass all physical phenomena that occur. Different im- 
plant profiles with a higher dose and a deeper depth are 
used for the source and drain regions. The threshold volt- 
ages range from -0.6 to - 1 V depending on the chosen 
background acceptor concentration (NJ’and the EL2 con- 
centration (N,) in the substrate. For NT/NA = 5 x 10I6 
cmP3/5 x 1015 cmP3 andNT/NA = I x cm-3/1 x 
1015 cmP3, the threshold voltages are around -0.6 and 
- 1 V, respectively. Both NTand NA assumed in this study 
are typical values found in normal LEC substrates [ 121. 

111. BASIC EQUATIONS AND NUMERICAL METHODS 

The time-dependent equations used in the study are de- 

1) Rate equation for traps 
scribed as follows: 

2) Continuity equation 

3) Electron drift-diffusion current equation 
-+ 
J,, = -qp,,nVk + gD,,Vn. (3) 

4) Poisson’s equation 

9 V2k + - ( - n  + ND - NA + NTf) = 0 .  (4) 
E 

e,, = C,, N, exp (- EcT/kT) (5) 

where E C T  is the energy difference between the EL2 level 
and the conduction band edge. The emission rate is tem- 
perature-dependent and is described by a semi-empirical 
formula as [13] 

e,, = 3.42 X lo7 T2 exp (-0.825 . q / k T )  s-I. (6) 

The energy level of EL2 is also temperature-dependent 
and is described by [14] 

ECT = 0.75 - 3.36 x lop4 T 2 / ( T  + 204) eV (7) 

The temperature dependence of other physical parame- 
ters, like the effective density of states in the conduction 
band (Nc), the effective density of states in the valence 
band (Nv), the intrinsic carrier concentration (n,), and the 
energy gap of GaAs (EG), has also been considered in the 
calculation. In (2), the hole continuity equation is ne- 
glected. In (3), Einstein’s relation is assumed to hold be- 
tween the mobility and the diffusion coefficient. To sim- 
plify the calculation, a two-region mobility model is used 
to describe the field-dependent mobility term. Since we 
are mainly interested in the low-frequency response of the 
devices, the mobility model does not have significant ef- 
fect on the result. For the temperature range (275-325 K) 
we are interested in, the low-field mobility and the satu- 
ration velocity for electrons are assumed to be 5000 
cm2/V s and 1.5 x IO’ cm/s ,  respectively. 

The surface traps alsa seem to be strongly related to the 
low-frequency-dependent behavior of device characteris- 
tics such as transconductance [15], but does not seem to 
contribute to the drain-induced effects such as the low- 
frequency-dependent behavior of the output conductance 
[ 161, [ 171. In this study, only contributions from the bulk 
EL2 traps are considered. The surface between the gate 
and the source/drain is assumed to satisfy the Neumann 
boundary condition and the surface traps are neglected. 

Before the small-signal calculation, a dc solution needs 
to be first obtained. The coupled equations, (1)-(4), can 
be simplified and rewritten similar to that described in 
[18]. The Newton’s method is used in our calculatioq. 
For small-signal analysis, t-arious methods have been 
compared by Laux [ 101. The sinusoidal steady-state anal- 
ysis is the superior approach and is used in this study. 
When a drain bias, which consists of a dc part and an ac 
term that varies as eJw‘, is added, using TayloF’s expan- 
sion, all variables and ail equations in (1)-(4) can been 
linearized and split into a dc part and an ac part. Finally, 
a large ac matrix is obttined. After the ac matrix is solved, 
the ac drain phase terms are calculated and the output con- 
ductance which is defined as 

(8) 
- 1 y --=-;- 

ZD vD 
The Schockley-Read-Hall model is used in (1) to de- D -  
scribe the electron emission and capture processes for the 
EL2 traps. Because EL2’s are electron traps, the terms 
related to h d e  emission and hole capture have been ne- 
glected. The emission rate (e,) is related to the capture 
coefficient (C,,) by 

can be calculated. In (8), Fa, ZD, ID, and vD are the output 
conductance, the output resistance, the ac drain voltage, 
and the ac drain current, respectively. 
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Fig. 2 .  Calculated output conductance versus frequency. The temperature 
is 325 K and the N,,",, is 5 X l o i6  c n - ' / 5  X 10" cm-'. The drain 
voltage and the gate voltage are 3 and 0 V ,  respectively. 

IV. RESULTS AND DISCUSSIONS 
In order to study the role of the bulk deep traps on the 

low-frequency-dependent behavior of the output conduc- 
tance, we have considered not only the frequency but also 
the effects of temperature and the drain bias on the output 
conductance and compared them with published experi- 
mental results. Five devices with different bulk EL2 con- 
centrations (NT) and different acceptor concentrations (NA)  
have been simulated and compared to each other. 

A .  Frequency-Dependent Output Conductunce 

The calculated small-signal output conductance as a 
function of frequency is shown in Fig. 2. In order to have 
a good comparison with the experimental results shown 
in [7] and [8], the temperature used is 325 K. Results 
calculated for other temperatures will be discussed later. 
The drain and the gate are biased with 3 and 0 V, respec- 
tively. The EL2 concentration NT and acceptor concentra- 
tion N A  are 5 x 10l6 and 5 x l O I 5  ~ m - ~ ,  respectively. 
The threshold voltage is around -0.6 V.  From Fig. 2, we 
can see that the output conductance increases very slightly 
before 10 Hz but undergoes a drastic increase between 10 
Hz and 1 kHz. After that it saturates at its maximum value 
at a frequency of approximately 1 kHz. The calculated 
percentage shift of the output conductance can reach 50%. 
The experimental results reported in [6] and [7] also show, 
at T = 325 K, that the output conductance starts to in- 
crease at a frequency of 10 Hz and reaches its saturated 
maximum value at 1 kHz. These results agree very well 
with our calculated results. Hence, based on our calcu- 
lation, we can conclude that the bulk deep traps are indeed 
the cause of the low-frequency-dependent behavior of the 
output conductance. 

In order to understand how the deep traps affect the 
small-signal output conductance, the depth profiles for the 
real parts of the ac amplitude of the ionized EL2 concen- 
tration, the electron concentration, and the electrostatic 
potential along the gate edge near the drain side are shown 
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Fig. 3 .  Calculated ac amplitudes of (a) the ionized trap concentration, (b) 
the electron concentration, and (c) the electrostatic potential profiles along 
the gate edge on the drain side at 1 Hz and 1 MHz. The temperature, the 
N,,", and the dc voltages are the same as those used in  Fig. 2. The am- 
plitude of the ac drain voltage is 0.05 V. 

in Fig. 3(a)-(c), respectively. The amplitude of the ac 
drain voltage is 0.05 V. Two different frequencies, 1 Hz 
and 1 MHz, are chosen for comparison. At high current 
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levels (i.e., VG is far greater than VT), the imaginary parts 
of these solutions are far less than their real parts at fre- 
quencies between 0.1 Hz to 1 MHz. Therefore, the imag- 
inary part of the output conductance pD and that 
of the output resistance ZD, defined by (8), can be ne- 
glected. From Fig. 3(a) and (b), one can see that, re- 
sponding to the ac signal applied to the drain, the small- 
signal perturbation of the electron concentration occurs 
near the Schottky depletion edge and the interface (about 
0.15 pm from the surface) between the channel and the 
substrate but the small-signal perturbation of the ionized 
EL2 concentration occurs near the Schottky depletion edge 
and the center of the depletion region in the substrate side. 
The ac amplitude of the ionized trap concentration is pos- 
itive on the channel side and negative on the substrate side 
(see Fig. 3(a)). On the other hand, the ac amplitude of 
the electron concentration, shown in Fig. 3(b), has the 
opposite sign as the ionized trap concentration. This phe- 
nomenon can be easily explained as follows: the ac drain 
voltage increases the channel potential and the gate de- 
pletion edge extends deeper, so the total electron concen- 
tration is reduced. Consequently, the ionized trap concen- 
tration on the channel side increases due to the reduction 
of capture probability which is proportional to the elec- 
tron concentration. But on the substrate side, the ac drain 
voltage increases the amount of electron injection from 
the channel into the substrate and effectively increases the 
electron concentration and the capture probability, so the 
ionized trap concentration is reduced. Because the capture 
probability is proportional to the product of the electron 
concentration and the ionized EL2 concentration and be- 
cause there are more ionized EL2’s and less free electrons 
existing far from the interface in the substrate side, the ac 
perturbation of the ionized EL2 concentration occurs 
around the depletion region in the substrate side. 

As shown in Fig. 3(a), for two different frequencies (1 
Hz and 1 MHz), the amplitude at 1 Hz is far greater than 
that at 1 MHz (larger than five orders of magnitude). That 
is due to the slow time response of the EL2’s. At high 
frequencies (usually, higher than 1 kHz at T = 325 K), 
the processes for the electron emission and capture 
through the EL2’s cannot completely respond to the fast 
ac voltage signal, so the magnitude of the ac amplitude is 
very small. Because of the difference in the distribution 
of the ac perturbation of the ionized EL2’s, the profiles 
of the ac amplitude of the electrostatic potential at the two 
frequencies are quite different (see Fig. 3(c)). To see more 
clearly, two-dimensional contour plots of the ac ampli- 
tude of the potential distributions at 1 Hz and 1 MHz are 
shown in Fig. 4(a) and (b), respectively. At 1 MHz, the 
substrate potential is higher because the interface deple- 
tion width cannot respond to the fast ac signal and the 
interface potential barrier will not have time to increase 
the voltage drop due to the addition of the ac drain volt- 
age. Therefore, at higher frequencies, the higher substrate 
potential can cause more electron injection from the chan- 
nel as shown in Fig. 3(b). That is the reason why the 
output conductance is larger at higher frequencies. 
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Fig. 4. Contour plots for the electrostatic potential distribution at frequen- 
cies of (a) 1 Hz and (b) 1 MHz. The temperature, the N,,”, and the volt- 
ages are the same as those used in Fig. 2. 

B. Different Drain Bias Effects 
Calculated small-signal output resistance (i.e., inverse 

of output conductance) as a function of frequency at dif- 
ferent drain voltages is shown in Fig. 5.  NT and NA values 
are the same as those used in Fig. 2 .  The temperature is 
300 K,  the dc gate voltage is 0 V and the dc drain voltage 
is varied from 1 to 5 V. From Fig. 5 ,  clearly, the output 
resistance increases monotonically as the drain voltage is 
increased at all frequencies. At a drain voltage of I V, 
which is slightly larger than the saturation voltage of the 
device, the percentage drop in output resistance is 17% 
(for frequency varied from 0.1 Hz to 1 MHz). But, as the 
drain voltage increases, the change in output resistance is 
also increased. At a drain voltage of 5 V, the percentage 
drop reaches 40%.  These results agree with Golio’s mea- 
surement done at different drain voltages [8]. 

To explain the phenomenon that the output resistance 
increases monotonically with drain voltage, we plotted the 
electron mobility profile along the channel, shown in Fig. 
6. The mobility is calculated along the valley where the 
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Fig. 5 .  Calculated output resistance versus frequency with various drain 
voltages. The temperature is 300 K and N , / N , ,  = 5 X 10l6 cm-'/5 X 
IO' '  c i f ' .  The gate bias is 0 V. 
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Fig. 6 .  Calculated mobility profiles along the valley where the electron 
conduction band is lowest in the channel. The dc drain voltage range, the 
gate bias, and the N,/N, ,  are the same as those used in Fig. 5 .  

electron conduction band is the lowest in the channel. As 
shown in Fig. 6, most of the channel except near the gate 
edge on the drain side is in the low-field region where it 
has constant mobility, i.e., p,, = 5000 cm2/V . s. When 
the drain voltage is increased, the velocity saturation re- 
gion (i.e., the low-mobility region and p n  < 5000 cm2/V 
- s) expands toward both the gate side and the drain side. 
From basic FET analysis, the output resistance is mainly 
determined by the resistance in the velocity saturated re- 
gion, where the channel is narrowest. The more the chan- 
nel is in the low-mobility region, the higher the resistance 
is. Therefore, we can conclude the output resistance in- 
creases with the drain voltage is due to an expansion of 
the high-field, low-mobility region in the channel as the 
drain voltage is increased. 

The depth profiles of the ac amplitude of the electron 
concentration along the gate edge near the drain side at f 
= 0.1 Hz andf = 1 MHz are shown in Fig. 7(a) for VD 
= 1 V and Fig. 7(b) for VD = 5 V. The amplitude of the 
added ac drain voltage is 0.05 V .  Some interesting phe- 
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Fig. 7 .  Calculated ac amplitude of the electron concentration profiles a t f  
= O . l H z a n d f =  l M H z a s ( a ) V , =  1 V a n d ( b ) V D = 5 V .  

nomena are noticed from these two figures. First, the 
channellsubstrate interface at VD = 5 V is deeper than at 
VD = 1 V due to higher substrate current injection at high 
drain voltages. Second, the small-signal perturbation of 
the electron concentration in the channel side at V, = 5 
V occurs farther from the gate than at VD = 1 V. This is 
because at higher drain voltages, the channel potential is 
higher and the gate depletion edge extends deeper. Third, 
the distribution of the small-signal electron concentration 
in the substrate side at V, = 5 V is broader than at 1 V. 
This is because, at higher drain voltages, the substrate 
potential is higher and the electrons can be injected deeper 
into the substrate. Fourth, for the two profiles in the sub- 
strate side at 0.1 Hz and 1 MHz, the quantitative differ- 
ence at VD = 1 V is almost the same as at Vu = 5 V. 
Therefore, the difference of the output conductance at the 
two different frequencies, 0.1 Hz and 1 MHz, is almost 
the same in spite of different drain bias. 

C. Temperature Effects 

The calculated small-signal output conductances, which 
have been normalized to the magnitude at 1 MHz, as a 
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Fig. 8. Calculated output conductance versus frequency with different 
temperatures. The temperatures are 275, 300, and 325 K. The voltages and 
N , / N ,  are the same as those used in Fig. 2. The insert shows the temper- 
ature-dependent emission rate of EL2. 

function of frequency at three different temperatures (275, 
300, and 325 K) are shown in Fig. 8.  The dc voltages and 
the N T / N A  values are the same as those used in Fig. 2. 
The electron emission rate determined from (6) are 1.99 
X 4.3 X and 5.88 X lo-' s-' at T = 275, 
300, and 325 K, respectively. From Fig. 8, as the tem- 
perature is increased from 275 to 325 K, the saturated 
frequency where the output conductance reaches its max- 
imum shifts to higher values, and the shifts are about one 
order of magnitude for every 25 K increase in tempera- 
ture. Lam et al. [7] and Golio et al. [8] have reported 
experimental results on the temperature-dependent behav- 
ior of the output conductance. The measured saturated 
frequency shifts with temperature agree well with our cal- 
culated results shown in Fig. 8. From the calculations, it 
is clear that the temperature dependence of the saturated 
frequency of the output conductance is related to the tem- 
perature-dependent emission rate of the bulk EL2 traps. 

D. Eflects of Impurity Concentration on Output 
Conductance 

Five devices with the same N , / N A  but different values 
of NT and NA are compared. These ratios are 1 x 1OI6 
cm-3/1 x 1015 cmP3, 2 x 1 0 ' ~  cm-3/2 x ioi5 cmP3, 3 
x 1 0 ' ~  cmP3/3 x 1015 4 x lo i6  ~ m - ~ / 4  x 1015 
~ m - ~ ,  and 5 x 10l6 cmP3/5 X l O I 5  The temper- 
ature is 300 K and the dc drain voltage is 3 V.  Because 
the magnitude of the output conductance is strongly de- 
pendent on the dc current level [7], [8], in order to make 
the comparison meaningful, the gate voltages of these de- 
vices were chosen so that they have the same dc drain 
current level. The drain current chosen is 0.42 A /  cm and 
the corresponding gate voltages are -0.31, -0.2, 
-0.125, -0.06, and 0 V for the five devices. The cal- 
culated results are shown in Fig. 9. The output conduc- 
tance decreases as Nj- and NA are increased. This phenom- 
enon can be explained by the decreased substrate current 

V D= 3.0 V 
I D=0.42Ncm 1 

t 
I . ....... . . ....... . ......* . . . . . ._ ' '  . .. '" ' . '  ' """" . 

? a - '  100 10' 1 0 2  1 0 3  104 1 0 5  1 0 6  
FWWCY (W 

Fig. 9. Calculated output conductance versus frequency for five devices 
with different N , / N , .  These N , / N ,  are ranged from I X 10" "'/I X 
10l5 cm-' to 5 x 10l6 cm-'/5 x IO" cm-'. The drain voltages are 3 V 
and these gate voltages are chosen so that these devices have the same 
current level (Io = 0.42 A/cm). 

- 0.1 Hz 
1 MHz ...... * .... 

VD= 3.0 V 
= 0.42 Ncm 

1 2 3 4 5 
Acceptor Concentration in Units of 10 l5 cm 4 

Fig. 10. Calculated output conductance versus acceptor concentration at 
0.1 Hz and 1 MHz. 

which is a strong function of N T  and NA [18]. For devices 
with higher NT and NA values, the substrate current in the 
semi-insulating layer is smaller, so the output conduc- 
tance is lower. The calculated output conductance versus 
acceptor concentration at frequencies of 0.1 Hz and 1 
MHz are shown in Fig. 10. The difference in output con- 
ductance at these two frequencies increases as NT and NA 
are increased. To give a better explanation for this phe- 
nomena, the two depth profiles of the ac amplitude of the 
electron concentration for N ~ / N ,  = 1 x loi6 cmw3/1 x 
loi5 and N T / N A  = 5 X 10l6 ~ m - ~ / 5  X l O I 5  cm-3 
are shown in Fig. l l (a )  and (b). The amplitude of the 
added ac drain voltage is 0.05 V. From these two figures, 
some interesting points can be pointed out. First, the pos- 
itin of channel/substrate interface for the device with 
N T / N A  = 5 x 10I6 ~ m - ~ / 5  x 1015 cmP3 is shallower 
than for the device with N T / N A  = I X 10I6 cmP3/1 X 
lOI5  ~ m - ~  because of the compensation of the channel 
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Fig. I I .  Calculated ac amplitude of the electron concentration profiles 
along the gate edge on the drain side at frequencies of 0.1 Hz and 1 MHz 
for (a) NT/N,! = 1 X c m - > / l  x IO’’ cm-’ and (b) N,/N, = 5 X 
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doping by the increased acceptor concentration. Second, 
the ac perturbation of the electron concentration in the 
substrate side as shown in Fig. 1 l(a) is broader than that 
shown in Fig. 1 l(b). This explains why the devices with 
smaller values of NT and NA have larger output conduc- 
tances. Third, from Fig. l l (a)  in which the device has 
smaller values of NT and NA, the difference between the 
profile at 0.1 Hz and that at 1 MHz is insignificant. The 
two profiles in  the channel side are almost indistinguish- 
able. But as shown in Fig. 1 l(b) in which the device has 
higher values of NT and NA, there is significant difference 
both on the channel side and on the substrate side. The 
ratios of the largest ac amplitude of the electron concen- 
tration in the substrate at 1 MHz to that at 0.1 Hz are 1.63 
and 1.24 for the device with NT/NA = 5 x 10l6 ~ m - ~ / 5  
X loi5 cmP3 and the device with N T / N A  = I X loi6 
cm-’/l X 10’’ cn1C3, respectively. That explains why 
the shift of the output conductance is more severe for the 
devices with larger values of NT and NA. From the cal- 

culated relationship between the output conductance of 
GaAs MESFET’s and their deep trap concentration and 
acceptor concentration, we clearly see the role of the sub- 
strate properties on the frequency-dependent behavior of 
the output conductance. In general, if the trap and the 
acceptor concentrations are higher, the output conduc- 
tance is smaller but the shift of the output conductance at 
high frequencies is higher. 

It has been shown that the short-channel effects in GaAs 
MESFET’s can be reduced by having higher trap and ac- 
ceptor concentrations [ 181. Based on our analysis, higher 
trap and higher acceptor concentrations indeed give a 
lower output conductance of the MESFET. But, at the 
same time, the output conductance of the devices will have 
stronger frequency dependence. This is an unwanted ef- 
fect, which can degrade the device and circuit perfor- 
mance. So there is a tradeoff between the two effects and 
the trap and the acceptor concentrations should be prop- 
erly chosen to optimize the device performance. 

V. CONCLUSION 
Small-signal output conductance of ion-implanted GaAs 

MESFET’s on semi-insulating substrates have been stud- 
ied using two-dimensional numerical analysis. The effects 
of frequency, temperature, drain bias, and the trap and 
acceptor concentrations on the output conductance have 
been investigated. It is confirmed that the deep traps EL2 
contribute significantly to the low-frequency behavior of 
the output conductance. The ac perturbations of the ion- 
ized trap concentration, the electron concentration, and 
the electrostatic potential occur around the Schottky de- 
pletion edge and the ChanneUsubstrate depletion region. 
The EL2 concentration and the background acceptor con- 
centration play important roles in determining the output 
conductance and its frequency dependence. With higher 
trap and acceptor concentrations, the output conductance 
is smaller due to lower substrate currents, but has a higher 
frequency dependence due to more ionized electron traps. 
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