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Abstract-A novel measurement of the dynamics of 
HEMT and MESFET behavior permits classification 
of dispersion effects and identities operating regions 
that they affect. This reveals a simple structure to the 
otherwise complicated dynamic behavior that has eon- 
cerned circuit designers. With this insight, it is pos- 
sible to predict biases, temperatures and frequencies 
that dispersion will or will not affect. It is interesting 
to note that, for some devices, dispersion effects can he 
seen to exist at microwave frequencies and may there- 
fore contribute to intermodulation distortion. 

I. INTRODUCTION 

The variation of HEMT and MESFET charac- 
teristics with operating condition (bias, temperat- 
ure and frequency) is a significant effect for many 
applications. Effective designs require descriptions 
of the device that predict the extent of these vari- 
ations and the conditions where they occur. Ideally, 
the operating-condition dependency should be meas- 
ured, quantified, and incorporated in FET models 
used to simulate circuits. 

Self-heating [I] and charge trapping related to im- 
pact ionization [2][3] and leakage currents [4] are 
known to contribute to the variation of FET char- 
acteristics. Each contribution is thought to have an 
effect at a specific range of operating conditions. 

A novel technique involving dc, large-signal pulse 
and small-signal RF measurements is proposed to 
identify the dynamics of thermal and trapping dis- 
persions in FETs. This is discussed in Section II. 
The results ofthis are presented in Section III and the 
implications discussed in Section IV. Finally, some 
conclusions are drawn in Section V. 

II. MEASUREMENT OF FET DYNAMICS 

Time-evolution measurements [4] give, for an ini- 
tial bias, a set of IN characteristics as a function 

of time. Analysis of these measurements provides 
a comprehensive understanding of the bias, temper- 
ature and frequency dependence of the FET charac- 
teristics. In particular, the journey from a staaing 
bias point to any new bias point is observable. 

The large-signal time-evolution data is easily 
measured with pulse techniques for time periods 
greater than the fastest pulse measurement. Large- 
signal characteristics over shorter time periods are 
not resolvable. However, small-signal parameters 
can be measured with RF techniques. Transcon- 
ductance and drain conductance determined numer- 
ically from pulse data, together with RF measure- 
ments, can therefore be employed to obtain small- 
signal parameters from dc to microwave frequen- 
cies. The results can be usefully presented by in- 
trinsic gain (transconductance divided by drain con- 
ductance) as a function of operating condition. Al- 
though this measurement is limited to small-signal 
parameters and necessarily considers many biases 
rather than a single bias, it provides a comprehensive 
measurement of dispersion dyhamics in FETs. 

The intrinsic gain over the IO decades of fre- 
quency from 1 Hz to 10 GHz, or in pulse terms from 
160 ms down to 16 ps, is shown in the contour map 
of Fig. 1. For each bias point, the small-signal para- 
meters were derived from pulse data measured with 
an enhanced arbitrary pulsed semiconductor para- 
meter analyzer’ [S] for frequencies below 1 MHz, 
and from Y-parameters measured with a network 
analyzer for frequencies above 1 MHz. 

III. INTRINSIC GAIN 

The results presented here summarize a study 
of large-signal pulse and small-signal RF measure- 
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Fig. 1. Intrinsic gain versus drain bias for the HEMT 
operating at 25’ C with Vcs = -0.4 V. 

merits that encompass an extremely wide range of 
frequencies from dc to microwave and a wide range 
of bias and temperature. Measurements were made 
for both a MESFET and a HEMT at temperatures 
ranging from 10” C to 70’ C, and for a range of V& 
biases. These measurements were on standard geo- 
metry devices at PCM sites on wafers recently man- 
ufactured in commercial processes. 

The intrinsic gain for the MESFET in Fig. 2 is 
shown as frequency slices of a contour map. Com- 
parison with pulsed-IN data in Fig. 3 shows that the 
drain conductance as a function of time or frequency 
is seen to correlate with Fig. 2 at the 2V drain bias. 
For example, the intrinsic gain at 1 Hz is very large 
because the drain conductance is near zero. 

Variation with V& and temperature is not dra- 
matic. There is an increase in low-frequency in- 
trinsic gain with either V& or temperature. High- 
frequency gain increases with V& but decreases 
with temperature. Of note is that above 1 MHz for 
the MESFET, there exists a region of isodynamic 
characteristics, in that there is no change in gain. 

The intrinsic gain for the HEMT is shown in Fig. 1 
and Fig. 4, for temperatures of 25” C and 70” C, and 
as frequency slices of the contour maps in Fig. 5 and 
Fig. 6. The latter is comparable to pulsed-IN data 
in Fig. 7, where the drain conductance is seen to be 
the same at all frequencies, which correlates with the 
intrinsic gain of Fig. 6 for the 2.5V bias. The pulsed- 
IN at 25’ C, not shown here, shows a decrease in 
drain conductance at 1 MHz corresponding to the in- 
crease in gain at the 2.5 V bias point in Fig. 5. 

Variation with V&q and temperature is more corn- 
plicated than for the MESFET because the disper- 
sion mechanisms are more complex. Low-frequency 
gain deceases with V& while high-frequency gain 
is largely unaffected. Low-frequency gain also in- 
creases with temperature while high-frequency gain 
decreases. Referring to Fig. 1 and Fig. 4, it is seen 
that the contours change in a complicated manner. 
Higher temperature and changes in gate bias poten- 
tials affect the knee region, especially at low fre- 
quencies. There is little change at high drain bias. 

Of note is that above 1 MHz there exists a region 
of isodynamic characteristics for low drain poten- 
tials, in that the gain remains constant. Also of note 
is that at high drain potentials, there is dispersion of 
gain at microwave frequencies. 

IV. DISPERSION MECHANISMS 

The dispersion effects can be modelled to a good 
approximation by considering three principal causes: 
a change in drain current due to a self-heating 
thermal effect; a change in effective gate potential 
due to a potential at electron traps; and a change 
in effective gate potential due to a potential at hole 
traps [6]. 

The thermal effect, evident in both the MESFET 
and HEMT at high power levels, stems from heating 
due to power dissipation. At high frequencies, the 
temperature of the device is set by the bias and the 
gain is that of the FET for the corresponding tem- 
perature. At low frequencies (< 10 kHz), the aver- 
age power dissipation, and hence temperature, varies 
with the signal. The variation of temperature over 
the course of a signal swing reduces the output con- 
ductance, which increases the gain. For sufficiently 
high power levels, not shown here, the output con- 
ductance, and hence gain, becomes negative. 

Consider the effect on the intrinsic gain of elec- 
tron traps alone. At high frequencies the gain is not 
significantly affected because the trap potential re- 
mains constant relative to the signal. At low fre- 
quencies, the trap potentials change with the signal. 
The potential of the electron traps can be linked to a 
gate-drain leakage electron current from which they 
are filled [6]. As the gate-drain potential VGD in- 
creases, so does the gate-drain current and hence the 
negative trap potential. Thus an increase in drain 
potential gives a more negative trap potential that 
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reduces the drain current, so the drain conductance 
is reduced, which increases gain. This effect is the 
principal cause of drain overshoot and the converse 
is the cause ofgate lag. The frequency at which gain 
increases varies with drain bias. This is because the 
trap occupancy rate increases as the gate-drain cur- 
rent increases. For the MESFET in Fig. 3, the char- 
acteristics do not change if VGD is not changed, be- 
cause there is no change in its electron trap potential. 

Consider the effect on the intrinsic gain of hole 
traps alone. It is assumed that the trapped holes stem 
from impact ionization, only evident in the HEMT. 
The potential of the traps have a significant influence 
on the drain current through the transconductance of 
the device, whereas the impact ionization current in 
itself is an insignificant contribution. 

As is the case with the other dispersion effects, 
the gain is not significantly affected at high frequen- 
cies because the trap potential remains constant. At 
low frequencies, the trap potential does change with 
the signal and there is a significant reduction in in- 
trinsic gain. The reduction is most pronounced in the 
region of the kink in the drain characteristic, which 
is exactly what would be expected from the corres- 
ponding large increase in drain conductance. The 
frequency at which this occurs is linked to the mag- 
nitude of the impact ionization current and hence to 
the drain bias. The impact ionization current at high 
drain bias, as observed in measured gate current, is 
orders of magnitude larger than the gate-drain leak- 
age current. Hence the occupancy rate of the hole 

traps is orders of magnitude faster than that of elec- 
tron traps, so the dispersion effect extends to mi- 
crowave frequencies. 

An increase in temperature has a similar effect to 
a decrease in gate bias potential. Either will increase 
the gate-drain leakage current and impact ionization 
current, if present. These changes increase the occu- 
pancy rate of traps and has the effect of simply shift- 
ing the trap-related dispersion of FET characteristics 
to higher frequencies. 

This model of the dispersion effects gives an un- 
derstanding of the effect of bias, temperature and 
frequency on the characteristics of a FET. This is in- 
valuable for assessing the dispersion ofcircuit design 
parameters. For example, the shift in gain of a FET 
with temperature can be determined from the posi- 

tion of the operating condition in relation to the in- 
trinsic gain contour map. 

There is also an implied effect on distortion and 
intermodulation that should be investigated. Dis- 
persion of characteristics at signal frequencies may 
have a significant distorting effect. Also, differences 
due to dispersion between the characteristics at vari- 
ous frequencies of a multi-tone signal may affect the 
level of intermodulation. 

V. CONCLUSION 

An investigation of the various effects that influ- 
ence the behavior of typical HEMTs and MESFETs 
has been presented. A technique for measuring in- 
trinsic gain over a wide range of bias, temperature 
and frequencies has been proposed to give a com- 
prehensive view of dispersion of FET characterist- 
ics. It was shown that there are dispersion effects 
that can be significant at microwave frequencies. In- 
trinsic gain is an excellent figure of merit for device 
assessment and study of bias, temperature and fre- 
quency dependence of dispersion and related distor- 
tion mechanisms. 
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Fig. 2. Intrinsic gain versus drain bias for the MESFET 
operating at 25” C with Vcs = -0.4 V. 

25cr . . . . . . . . . . . 

Fig. 3. Pulsed-IN characteristics for the MESFET oper- 
ating at 25’ C with Vcs at -0.6, Al.4 and -0.2 V as 
the parameter. 

Fig. 4. Intrinsic gain versus drain bias for the HEMT 
operating at 70” C with Vcs = -0.4 V. 

Fig. 5. Intrinsic gain versus drain bias for the HEMT 
operating at 25” C with Vcs = -0.4 V. 
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Fig. 6. Intrinsic gain versus drain bias for the HEMT 
operating at 70’ C with V& = -0.4 V. 
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Fig. 7. Pulsed-IN characteristics for the HEMT operat- 
ing at 70” C with Vcs at 4.6, a.4 and a.2 V as the 
parameter. 
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