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Determination of GaAs MESFETs self heating
temperature via output conductance frequency
dispersion
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In this paper, the output conductance frequency dispersion, gq, of GaAs MESFET is measured and analyzed in a large
frequency range [10 Hz - 10° Hz]. The investigation was carried in the saturation regime for constant drain-source voltage,
Vus= 1V, and at different negative values of gate-source voltage (- 0.6 V = Vg < - 0.2 V). Moreover, a theoretical study of
the frequency dispersion of gq was carried out under the same experimental conditions. From the comparison between
theoretical and experimental results we were able to determine the self heating temperature of the operated device at
different gate-source voltages. It was found that this temperature decreases linearly with increasing |Vgs| for which an
analytical formula of the form T(K) = To - BVgs Was determined.
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1. Introduction

The good control of field effect transistor technology
created an important impact in microwave devices. Great
interest is shown, all over the world, in GaAs Metal
Semiconductor Field Effect Transistors, MESFET, due to
their multiple applications, in particular for ultra high
speed logic circuits [1]. However, the performances of
these devices present some anomalies at low frequencies,
such as output conductance frequency dispersion and
transconductance and hysteresis in current/voltage, I(V),
characteristics [2-4]. These disadvantages have limited the
design of integrated circuits and presented a serious
problem for several applications in analog and digital
circuits [5, 6]. The origin of these anomalies was attributed
to the presence of traps in such devices [4, 7-9]. However,
their location at the surface or in the channel-substrate
interface is still a subject of research controversy and
multiple discussions. Otherwise, the thermal effects in
transistors induce slow dynamic variations.

Let’s recall that the thermal state of a device results
from transistor self-heating that is put into evidence by
power dissipation. Moreover, the MESFET is a non-polar
semiconductor device; the fundamental effect of heat
creation is mainly associated with the Joule effect. This
self-heating process may lead to a temperature gradient
larger than 100 °C between the channel and the substrate
[10]. In fact, when drain-source voltage increases, there is
more power dissipated in the channel that makes it hotter.

In this work, we present a comparative study of
theoretical and experimental results of the output
conductance frequency dispersion gy¢(f) in GaAs
MESFETs of commercial type. The agreement between
theory and experiment allows the determination of the
operating device temperature, T, of the device at a given

voltage. Such a temperature, due to device self-heating, is
a very important factor in the high power and high
temperature applications. Thus, this approach to deduce T
is carried out over a large frequency range [10 Hz -10° Hz]
at several applied voltages.

2. Methodology
2.1 Principle

The adopted principle consists of optimizing of
experimental results using calculated values in order to
determine operating temperature. In the present theoretical
simulations, we made use of output conductance
expression proposed by Canfield et al. [6].
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where gy(If) and gy(hf) are the output conductance at low
and high frequency, respectively; t. is the time constant
for electron emission from mid-gap traps; it depends on
the device characteristic frequency, f., and the operating
temperature, T, [11, 12] as follows :

Te 27 (2)
with:
g =Rl s (a)
g
fc —AT Ze—Ea/kT (3b)



1132 Z. Hadjoub, F. Z. Khelifati, D. Nebti, A. Gueraoui, A. Doghmane

where A is a constant that essentially depends on carriers
effective mass, k is Boltzmann constant, ¢ is the capture
cross section, T is the temperature of the device, vy, is the
mean thermal velocity, N, is the effective density of states
in the conduction band, g is the level degeneracy factor
(here, assumed as g = 1), and E, is the activation energy.

It should be noted that for trap levels located in the gap of
GaAs, the time constant for electron emissions related to
device temperature, T, by the following relation [13]:
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Equations (1) and (4) shows that output conductance
dependents on both frequency and temperature. It is a
complex number that admits a modulus and a phase.

Experimentally, we measure the modulus of the
output conductance. Hence, in order to compare
experimental and simulated results, it is necessary to
determine the modulus of the expression (1). Moreover, to
facilitate the calculations and comparison, we adopted, in
this work, relative values. Thus, the value of the output
conductance is normalized to that obtained at the lowest
frequency, gq(If). Finally, the relation used in the
calculations of g4(f) in the whole frequency range is given
by:
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In this investigation, the first measurement frequency
is 10 Hz at which the output conductance, gy(If), is first
calculated. Then, using Eqn. 5, we determine gq(f)/gq(1f).
Finally, the temperature of the transistor is obtained from
the best agreement obtained when experimental and
calculated results are compared.

2.2 Calculating steps

The calculation steps are summarized in Fig. 1; they
consist of:
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Fig. 1. Diagram of the simulation steps.

v Estimating, at room temperature, the output
conductance frequency dispersion in the frequency range
used for the measurement.

v Determining the discrepancy, Agy, between
calculated results and those determined experimentally, as
defined by:

Agd = |[gd(f)/gd(lf)cal.]'[gd(f)/gd(lf)mea&]| (6)

v Analyzing the discrepancy: if Agy approaches
zero, the deduced temperature is the operating temperature
of the device. Otherwise, we increase the temperature and
repeat the procedure until Agy approaches a null value.

3. Results and discussion
3.1. Observation of theory-experiment discrepancy

We first measure experimentally and calculate
theoretically, at room temperature, the output conductance
frequency dispersion. The obtained results, at Vg = - 0.3
V, are plotted in Fig. 2 in terms of output conductance,
normalized to the lowest used frequency (If = 10 Hz), as a
function of frequency for experimental data, (=) and
theoretical simulations (—) .
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Fig. 2. |gu(f)/ga(lf) |variations with frequency obtained, at
300 K, experimentally (=) and theoretically (—) for Vi,
=-03V

It can clearly be seen that the calculated values of
g4(f)/gq(1f) are larger than those measured under the same
conditions. The discrepancy, Agg obtained at room
temperature, is clearly indicated by an arrow. It is worth
noting that similar behaviors, as above, were also obtained
for other gate-source voltages (- 0.2 V; - 0.35V; - 04V,
0.45Vand—-0.6 V).

3.2. Effects of temperature and frequency

The effects of temperature and frequency on output
conductance are illustrated in Fig. 3 in terms of
lga(f)/gq(1f)] as a function of frequency obtained
experimentally (*) and theoretically (—) at Vg= 1 V et
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Ves= - 0.2 V and different temperatures. It is clear that the
output conductance exhibits positive dispersion for lower
frequencies (f < 4 10° Hz). Whereas, for higher
frequencies (f > 4 10° Hz), the output conductance values
becomes almost constant and independent of changes in
the frequency.

A close look and a rigorous analysis of these curves
shows that the best theory-experiment agreement is
obtained for T = 327 K (Fig. 3 b) However, as the
temperature departs from this value, the discrepancy
between theory-experiment becomes more important.
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Fig. 3. |gu(f)/ga(lf)| variations with frequency: theory
(—) and experiment (%) at Vo,=-0.2V and V4= 1V.

For higher temperatures (T > 327 K), the discrepancy
reappears with experimental results being higher than
those calculated (Fig. 3¢ and Fig. 3d). For T < 327 K, the
calculated values are higher than those measured
experimentally (Fig. 3a). Thus, for bias conditions defined
by Vg =1 V and V= - 0.2 V, the transistor operating
temperature would be 327 K meaning that the self heating
of the device caused an increase of 27 K higher than room
temperature at which the MESFET it is used.

In order to better illustrate the effects of temperature
and frequency on Agy, we plot in Fig. 4 typical results,
obtained at V4 =1 V and Vg =- 0.2 V, of Agq (Eq. 6), as
a function of temperature for different frequency values (f
=10, 20, 100, 10 and 10* Hz). Several behaviors can be
observed according to temperature and/or frequency
values:

a) For > 10° Hz, Ag, is nearly constant throughout
the temperature range and its value is practically zero.
b) For f < 10° Hz, we observe two opposite

behaviors: (i) Agy decreases down to a null value when the
temperature increases up to 327K and (ii) beyond 327 K,
Agy increases up to 20% when T reaches 340 K.

c) At room temperatures, Agy generally decreases
with increasing frequency.
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Fig. 4. Variations of Agq = f(T) at different frequencies
Jor Vas=1Vand Ve =-0.2V.

To put into evidence such behaviors, we consider the
same investigation for other values of Vg (- 0.3, - 0.35, -
0.4, - 0.45 and - 0.6 V). Indeed, similar curves as those
shown in figures 3 and 4 where obtained. Thus, we can
conclude that the effects of temperature can be neglected
at high frequencies for f> 10° Hz. This would confirm the
fact that: (i) the existence of surface states is responsible
for frequency dispersion and (ii) the traps cannot follow
rapid signals when high frequencies are used.

3.3. Bias effects on operating temperature

It is worth noting that the output conductance
variations of GaAs MESFET as a function of frequency
and temperature are strongly influenced by bias
conditions. These phenomena lead to several difficulties in
device operation and in its applications in integrated
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circuits. Hence, to put into evidence and to quantify this
effect, we carry out this investigation at variable
temperatures from 300 K to 340 K, at a constant Vg =1V,
in the frequency range [10 - 10° Hz] and with different
gate-source voltages, Vg, equal to: - 0.2 V,-0.3 V, - 0.35
V,-04V,-045Vand-0.6 V.

In Table 1, we regroup some representative
experimental values of g4 at low frequencies (f = 10 Hz)
and high frequencies (f = 10° Hz) obtained for the
previously chosen values of applied voltages. It can clearly
be seen that, for all gate voltages the value of g4 at low
frequency remains less than g, at high frequencies, in all
cases. However, when |V, increases the output
conductance decreases in the whole range of frequencies.

Table 1. Experimental values of g4] 19 - and g4/ 1111
obtained at V=1V and different values of V.

-Ves (V) | galion, (MS) | gali ki, (MS)
0.20 4.13 6.06
0.30 3.92 5.49
0.35 3.37 4.85
0.40 2.98 4.24
0.45 241 3.44
0.60 0.79 1.13

To put into evidence the reproducibility of the previous
results, we considered several |V, values (0.2 V, 0.30 V,
0.35V, 0.40 V, 0.45 and 0.60 V). The obtained curves
showed  similar  behaviors, experimentally and
theoretically, as those previously found in Fig. 3 with
discrepancies between theory and experiment except at a
given specific temperature for each gate-source voltage.
The curves of best theory-experiment agreement obtained
for different V, (0.2 V, 0.35 'V, 0.45 V) are plotted in Fig.
5 in terms of |g4(f)/gq(1f)| as a function frequency: theory
(solid lines) and experiments (= * +). Differences in T are
indicative of differences in operating device temperature
for each indicated V.
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Fig. 5. |ga(f)/ga(lf)| variations with frequency theory and
experiment at Ve, = - 0.2V, - 0.35 Vand — 0.45 V for V,
=1V

It can be seen that T decreases as [V, increases. This
effect is better illustrated in Fig. 6 in terms of T versus
|V|. Using simple curve fitting, we were able to deduce a
relation of the temperature dependence on gate-source
voltage follows:
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Fig. 6. Device temperature variations with gate-source
voltage, for two MESFET types at Vy=1V

To confirm the reproducibility all the above obtained
results, we carried out the same investigations on another
type of commercial GaAs MESFETs. Similar results to
those of the first MESFET were also obtained for (i) gq(f)
curve behaviors (i.e., dispersion followed by constancy)
and (ii) temperatures at which the theory-experiment
agreements occur. The analysis and treatment of all the
obtained results of the second GaAs MESFET led to a
similar dependence of de device temperature on gate-
source voltage. This dependence is better illustrated in Fig.
6 (lower curve). The relation between T and V,, was also
deduced and found to be of the form:

T (K)=321-12.94 V,, (8)

Thus, Eq. (7) and Eq. (8) can be generalized to other
GaAs MESFETsS that can be written as:

T(K)=To - BV ©

where T is the characteristic temperature at V=0 V and
B is the slope of the curve T = f(V,;).

It should be noted that, at constant Vs, any increase in
|[Vy| leads to an expansion of the depletion region.
Therefore, the conductive channel gets narrower and
consequently the density of free carriers crossing the
active zone decreases causing a decrease in drain current.
This heating phenomenon appears in the channel region as
a result of drain current flux and consequently to power
dissipation. The major heat quantity is produced between
the gate and the drain side since this region supports the
majority of drain-source potential, Vg4 [6]. This
interpretation is confirmed by the deduced Iy values
regrouped in Table 2 for both types of MESFETs.
Therefore, the linear decrease of the curves of Fig. 6 could
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be due to a decrease of drain current caused by increasing
of [V.

Table 2. Drain current variation with gate-source
voltage for both GaAs MESFETs.

'Vgs (V) Id]MESFET-l Id]MESFET-Z
(mA) (mA)

0.20 23 16.4

0.30 15 9.23

0.35 11.5 7.3

0.40 5.7 4.68

0.45 1.1 3.01

0.60 0.2 0.29

3. Conclusions

The output conductance variation with frequency was
investigated for commercial GaAs MESFETs. The present
methodology is based on the comparison of theoretical and
experimental results to identify the internal operating
temperature from the best curves agreement. A positive
dispersion was found that for low frequencies (f < 4 10°
Hz) whereas for high frequencies, |gq(f)/gq(1f)| values
become constant for all values of V. The agreement
between calculated and experimental results is obtained at
a very precise temperature with is considered to be the
device operating temperature. This temperature was found
to decrease linearly with Vy: an increase of [V
introduces a decrease in this temperature according to a
law that was found to be: T(K) = T - BV, This relation
puts into evidence the close relation between bias
conditions of the GaAs MESFET and its degree of self
heating.
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