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Abstract—New simple and accurate measurement procedures that en-
able the dispersion and thermal effects in GaAs MESFETs to be observed  _|
independently are presented in this paper. The results indicate that the dif- —7
ferences observed between the static and pulsed characteristics of the device DC supply
are not solely due to thermal effects, as is sometimes thought. Electrical and
thermal measurements also show the GaAs MESFET to take a relatively =
long time before the effect of self-heating manifests itself on th&V char-
acteristics of the device. Fig. 1. Two-pulse measurement system.
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ermat eflects dc supplies are user defined. This enables the static and dynamic

conditions used for the measurements to be controlled and the ef-
I. INTRODUCTION fect of the self-heating on the dispersion effect to be observed. To

cater for devices with fast thermal response times, pulsewidths
Over recent years, a number of papers have clearly demonstrated

; . . as short as 10 ns with pulse periods of 0.1 s can be employed in
the effect of heating, the effect of frequency dispersion, and the strong this system P P ploy
gﬁn&%nscl}:/grthellattgri?t;hefokl]rrtT]erm;:le ele::trrlrgza:](t:harr]a?;erlstlr(]:st())lf3) Ambient temperature measurementhe measurements de-

", S ffocts t stE ]—[b]- gug ese easut € ? sih et es %I a tﬁ scribed above, if repeated as a function of ambient temperature,
eﬁiscetseof 3: grsgnoazz%ee ’egeTtiaosfutr:nTegra?yrseetr: beane:si' Zfe d € enable the effects of temperature and the effects of frequency
ISpersl peratu investig dispersion to be observed in an easy and straightforward manner.

mdepe_ndently in an easy and accurate manner is not available. The temperature range can extend fre0°C to 150°C.
In this paper, a measurement system is described that enables the fre-

quency-dispersion effect to be measured independently of temperature

effects. The same system can also be used to measure and control the 1. DEVICES CONSIDERED
heating arising from the biasing to the device. The tests described were implemented on a sample consisting of
several hundred 0.pm gatelength—0.8-V pinchoff MESFETSs of
1l. MEASUREMENTS varying gatewidths. These devices were from the same wafer and

The measurement system developed to investigate the frequenc \f%ere produced using an ion-implanted process on a liquid encapsu-
erison and thermal ef)f/ectsin GaAsF()jevicesincIug(]:Ies W0 u?se ez-ezritse-d czochralski (LEC) substrate. Ti/Pt/Au gate metallization with
P P 9ENER on—nitride passivation was used.

tors and two dc supplies, which, for testing a MESFET, are configure Since it is not possible to show the results for all the devices consid-

as shown in Fig. 1 [4]. The software enables the following measure- " . ' e
ments to be performed. ered, a four-finger 22%m gatewidth per finger (90@m gatewidth in

) total) MESFET will be used as the main demonstrator. Similar trends
1) dc IV measurementsThese can be performed over a 0-30-V, the measured data were observed with the other devices considered.

range and, since the design is capable of delivering a current@fansive thermal data for these devices can be found in [5].
2 A, a wide range of devices can be measured. A user-specified

delay time enables the time (after the bias voltages are applied)
before the drain current is measured to be defined. This is useful
in assessing the self-heating effect from a dc point-of-view. The issue of self-heating was initially considered by measuring the
2) Pulsed/V measurementdhese can also be performed over ac output characteristics of the device with different delay times. The
0- 30-V range with current levels of up to 2 A. These dynamiresults of this at one specific bias point are shown in Fig. 2. This shows
measurements can be performed in a variety of ways such asttig drain current atcs = 0V, Vps = 4 V as a function of delay
pulsing the gate—source terminal while the drain—source termiriahe. The bias point selected falls well in the saturation region where
is swept in a normal dc fashion; 2) pulsing the drain—source tethe self-heating effect should be highly significant. The temperature of
minal while the gate—source terminal is swept in a nhormal dbe device is also shown in this figure and was measured with the use
fashion; and 3) pulsing the drain—source and gate—source terwofiliquid crystals [5], [6].
nals together. From the point-of-view of ensuring that the self- As can be seen, no significant change to the drain current occurs until
heating effect is minimized it is, of course, not necessary the delay time reaches 10 ms and, even after a 1-s delay, the drop in the
pulse both terminals. Pulsing either is sufficient, providing thdrain current is only 1 mA. Although others [7], [8] have also shown
drain—source resistance of the device is high when it is switch#te device to take a relatively long time before the self-heating effect
off. The amplitude of the pulses and the static voltages from tmeanifests itself on thél” characteristics, this issue will be reexamined
later using a different measurement approach. The results confirm that,
even with a 1-s delay, the temperature of the device is not unduly high.
Manuscript received November 12, 1999; revised December 15, 2000.  The 50°C base temperature shown in this figure arises from the heating
J. Rodriguez-Tellez is with the Electrical Engineering Department, Universifyysed by the previou»s points included in the measurements. It
of Bradford, Bradford BD7 1DP, U.K. . . .
T. Fernandez, A. Mediavilla, and A. Tazon are with the Department of Cor{’?—hOUId be remembereq t_hat Fig. 2 corresponds to only one bias po'r_]t
munications Engineering, University of Cantabria, Santander 39005, Spain.In the output characteristics measured. The thermal impedance of this
Publisher Item Identifier S 0018-9480(01)05058-X. device was measured to be 1Z2W atVgs =0V, Vds = 3 V.

IV. VARIABLE DELAY-TIME DC RESULTS

0018-9480/01$10.00 © 2001 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 7, JULY 2001 1353

80 - 00930 010 T -
dynamic characteristics of 4x225um MESFET at Vgs=0V
: : 1
G— —H8 Drain Current @ Vgs 0V Vds 4V : : : —A—‘A—’-A
Q----0 Temperature 008 bovemeeeinenn JESTUE OO R UUUUURTSRUURRNS- e A /A—’A"—A—— 3._0—.-.:1
70 b e . - 00985 : A& —’0-"9"4— 2—-‘V’4
. : o e g
—- & : oo e e VT et
B AT o [Ep——
- / A Y
I ——— 7 .
& —— i ; }7 /%/ 5 7 /+
= T 2 N 0 10 SRR SRR TR A AVt S
& ——e_g ,, - 0.06 /;Y;/
% B0 b e R N //@ v 00980 3 = // . ‘
2 A 3 ﬁ/ g 5 ;
E . \ 004 borooafflori T sttt (oe0) e
: / A—-—A 1=drain Vds=0V
____________ e NG
sop : : N 00875 e—--—8 2-pulsed Vgs=-1V Vds=0V
: : - V- — —¥ 2=gate Vgs=-1V
4X225um MESFET : : - n :
: : 002 koo R EEFT PRI SN P
40 i : 00370 :
10 10 102 10°
delay time{seconds) 0 ’ - -
0 1 2 3 4

Fig. 2. DC drain current and temperature versus delay time. vast¥)

Fig. 3. PulsedV characteristics of 90@m MESFET at\'gs = 0 V.
V. VARIABLE PULSEWIDTH/PERIOD RESULTS

In order to check the self-heating results presented earlier, the dy- ” ; — oy
namic output characteristics of the device were measured using a va- [P N =4 Vgs=-02V
. . - . . . e N ¥ — 9 Vgs=-04V
riety of pulsewidth conditions with the static supplies seftg = 20 oo e M g e o6y |
-1V, Vps = 0 V. For this test, the gate—source and drain—source ,/ \~.\‘ :
junction were pulsed. A pulse period of 01 s (correspondingtoamea- 5 |\ T . 7 T
surement frequency of 10 Hz) was employed. This measurement fre- ; //ﬁ z\\y\$ e
quency is low enough to ensure that the frequency-dispersion effectis 4 a2 ~— \
minimal. The dynamic point correspondingdg. = 0V, va. = 4 V s ol /V/ ................................... R R
was measured to check the results presented earlier. Although the test ™ Il A/Aﬂé_*‘ﬁ\aﬁ.e_a_é_ﬂ_&\&*
commenced with very narrow (10 ns) pulsewidths, it was not until the /f‘ . Y T ::‘j\\
pulsewidth reached 10 ms that a change in the drain current (0.2 mA) i }!/ T .
was noticed. This agrees quite well with the results from the variable f/ K S | Pulsing gate from Vs(state)- -1V
delay time dc measurements and with the observations made by others 0 Z ? :
on this issue [7], [8]. 0 ! 2 3 4
In view of the above results, a pulsewidth in the microsecond range static Vds(v)

should ensure that any possible self-heating arising from the dynamic _ ‘ _ ‘
bias conditions does not alter the electrical characteristics of the devic: 4. Percentage difference in drain—source current when gate is pulsed.
However, for some fast high electron-mobility transistor (HEMT) or

heterojunction bipolar transistor (HBT) devices, pulsewidths smallgpe petween points to ensure that the self-heating effect reaches equi-
than this may be needed. ) ) librium conditions. The remaining curves were measured under dif-
To determine the upper frequency point at which the frequency-digrent pulsed conditions. For all these pulsed cases, the end or dynamic
perison effect settles, dynamic pulse measurements usirgviide \ajye ofus corresponds to 0 V so that the pulsed curves can be com-
(300-ns rise and fall times) pulses with varying periods Wergared with the static curve.
performed. For these tests, the static conditions employed wergyrye 1 corresponds to the case where the drain-source terminal
Vas = =1V, ¥ps = 0V and the dynamic characteristics over gs pyised from the static point dfi,s = 0 V with the gate—source
wide operating area(. from —1to 0 V andvg, from 0 to 4 V) were erminal fixed atigs = 0 V. Since the measurement frequency is
measured. This test revealed that when a measurement frequency i@-lz, this curve represents t&” behavior of the device after the
the 40-200-Hz range was employed (pulse period of 5-25 ms), fgquency-disperison effect has taken place. The difference between
dynamic characteristics of the device varied rapidly. This change ijrve 1 and the static curve is, therefore, due to frequency-disperison
the characteristics with increasing frequency lessened considerahly temperature effects. For the static curve, the drain—source resis-
beyond 200 Hz and after 800 Hz became reasonably settled.ifhce of the device is 230 and this reduces to 192 when the device
measurement frequency of 1 kHz, therefore, seems appropriate §fin terminal is pulsed.
the purposes of comparing the dynamic characteristics after the freg e 2 corresponds to the case where the gate—source terminal is
quency-disperis_or_1 effect has taken place, with the very Iow-frequen@ﬂsed from the static point 8f:s = —1 V, where the device is firmly
or dc characteristics. pinched off, and the drain—source terminal is swept in a normal dc
manner. Since the self-heating effect and ambient temperature of the
device will be the same for curves 1 and 2, it follows that the difference
between these two curves is due to frequency-disperison effects. The
Fig. 3 shows a number of curves measured under static and puldéterence between curve 2 and the static curve is due to frequency-dis-
conditions using pulsewidths ofds with a pulse period of 1 ms (cor- perison and temperature effects. For curve 2, the drain—source resis-
responding to 1-kHz measurement frequency). The curve for the stdince is 2182, which is closer to the dc value than when the drain
case corresponds ¥d:s = 0V, and was measured with a 1-s delayterminal is pulsed.

VI. PULSED RESULTS
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Fig. 5. Percentage difference in drain current when drain is pulsed. Fig. 6. PulsedV characteristics of 180Qm MESFET af\'gs = 0 V.
010

The final interesting case to consider is curve 3, which correspond: 5 5 :
to the situation where both the gate— and drain—source terminals ar : ijs=ov _
pulsed. For this situation, the gate is pulsed from the static point ol .| .. ... . ’v/_v_,?’v—"v’j;;,a
Vas = —1 V and the drain pulsed from the static poinfigfs = 0 V. L el POy
From a thermal point-of-view, this situation is the same as curves 1 an 7 : {%f../?‘;li'e/ )
2. The results, however, differ considerably from the two earlier pulsed ;551 . 7 ,;/ﬁ;/’k B e/e BN
cases. These pulsed results illustrate the dependence of the dispersi2 ///‘/?/x*/ /eﬁ/e '
effect on the electric-field conditions, which are different for the three /;" %/* /,9/3 f
cases considered. The change in the electric-field conditions variesth o4 ... 47 e/e ........... S
trap occupancy due to the change in the Fermi level. The pulsed //7(5/ ;—_: g;g;g xg:g\é
characteristics shown are, therefore, specific to the conditions (bias an %/ Va e statio(isec)
temperature) employed. 002 b e . | T T 79 drain Vds= 0V

Although the dispersion effect is often highlighted under high cur- l/f
rent conditions in the saturation region (as in Fig. 3), this should be /
treated with caution. If the dispersion effect is dependent on the elec 0
tric-field conditions, then this should also be evident in the linear re- 0 ! : : ¢
gion. This is demonstrated in Figs. 4 and 5, which show the percentag. vestv)
difference between the static and pulsed .drain current as a functio %f 7 pulsed’V curves under different static bias conditions.
vas andvgs. Here, we can see an almost linear dependency of the dis-
persion effect on the electric field when the voltage on the gate— ¢ .,
drain—source is varied in the linear region. This dependency reaches é : ! i
steady value when the channel is saturated. Notice also that pulsing t 900 un MESFET @ Vao-01os: 21 oS

gate or drain produces a similar percentage difference for the same u
change in electric field in the linear region.

To illustrate that the general trend of the data is true for the othe @
devices considered, in Fig. 6, we show the corresponding informatio %
for an 1800xm gatewidth (six fingers of 30@m/finger gatewidth)
device from the same wafer. As can be seen, the general behavior !
the data is the same as for the previous device. The thermal impedar
of this device was measured to be TZ3W atVgs =0V, Vds = 3 V.

The pulsed measurements can, of course, be carried out from a s
static bias position (and, if required, under isothermal conditions [7]
[8]) and, by doing so, the self-heating effect can be defined. Fig. 7

tanc

rain source resis

for example, shows the behavior of the device when the drain—sour ’__,—{5/.9__#5/!?

terminal is pulsed from variou$),s static starting points with the 5 F—= ; : :
gate—source fixed at 0 V. Thigzs = 0 V dc static curve (with 1-s -100 -50 0 50 100 150
delay) is superimposed on this figure for comparison purposes. Tt Ambient temperature (degrees centigrades)

information shown in Fig. 7, while demonstrating that by altering

the static bias significant self-heating can be introduced, should bg. 8. Drain—source resistance versus ambient temperature foy:1900-
viewed with caution. The possible assumption that the differencg@ice:

between Figs. 7 and 3 are due to the self-heating effect alone would

be incorrect. Clearly, by adjusting the static bias, the self-heatingthese two tests are different from those employed in Fig. 3. While
has been altered, but by doing so, the dispersion effect has also bixenthermal effects could be removed from the characteristics shown
modified. This occurs not just because the temperature has alteiiadrig. 7, an approach that provides additional insight is to perform
but also because the bias conditions (static and dynamic) employkd dynamic measurements from a static point where the device is
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Fig. 9. Drain—source resistance for 101 devices composed of 1-4 fingers.

Numerical Investigation of the Field and Current Behavior

off (as in Fig. 3) as a function of ambient temperature. This enables Near Lossy Edges
the dependency of the dispersion effect on ambient temperature to be
determined over a wide temperature range without the complications Marco Farina and Tullio Rozzi

introduced by the static bias. The results of this are summarized in
Fig. 8, which shows the drain—source resistance before (at 10 Hz)

and after (at 1 kHz) the frequency-disperison effect. This data wasAbstract—Real circuits involve metallic edges with finite conductivity
measured from the static point f:s = 0V, Vbs = 0 V by and nonideal dielectrics. Usually it is more or less implicitly assumed that

lsing the drai inal onl d d the — 0V fields and induced currents behave as if conductors and dielectrics were
pulsing the drain terminal only and corresponds to ¢he = 0V, ideal. In this paper, we show that this assumption is partially erroneous

vgs = 2 V dynamic point. The corresponding information for smalleand that the presence of real conductors and dielectrics seems to lead to a
devices is shown in Fig. 9 to illustrate the fact that under high- arsimpler and more physical picture, where longitudinal currents are shown
low-temperature conditions, the device becomes free of the dispersidRe nonsingular.

effect. This occurs because of the change in the Fermi level as thendex Terms—Coplanar waveguides, lossy circuits, Maxwell's equations,
temperature is varied. This facilitates the release of electrons from themerical analysis, wedges.

traps under high-temperature conditions and exhibits the process as the
temperature and the Fermi level is lowered. The information in Fig. 9
clearly shows the significant effect that the number of fingers has on
the thermal and dispersion characteristics of the device. The thermalWedges are sometimes more than a purely academic concern, as re-
impedance for the one-finger device was measured as°€M0/, cently shown by several authors. In fact, while on the one hand, the
whereas for the four-finger device, the value is 383W. knowledge of the field behavior near wedges may be ageasteriori

in order to check the consistency of numerical solutions, it may be also
introduceda priori in the numerical solution of integral equations in
order to speed up its rate of convergence [1], [2].

A measurement system for quantifying the dependency of the fre-Sharp edges are frequently encountered in practice, and, as their
quency-disperison effect on electric field and temperature has been giigarpness is assumed to be infinite, they may induce singularities in
sented. This uses a pulséd” measurement system and a thermallfields and source densities. If, from a theoretical point-of-view, the cor-
controlled wafer prober. The pulsed measurements can be perforrpggt singularity conditions are needed in order to ensure the unique-
by pulsing either the gate or drain or both terminals. The results piigass of the field solution [3], in many practical cases, it is just suf-
sented indicate that the differences observed between the static andidient to have an estimate of the field behavior in order to substan-
namic characteristics are to a significant extent due to frequency-digdly increase the speed and accuracy of numerical algorithms. This
perison effects. is particularly true when dealing with massively numerical techniques,

Pulsed’ V" measurements carried out in conjunction with liquid cryssuch as finite differences (FDs) or transmission line methods (TLMs),
tals show that a relatively long pulsewidth (approximately 10 ms) is rgrhere the whole space of the analyzed structure has to be cleverly dis-
quired before the self-heating effect has a measurable effect divthe cretized. In these methods, sharp variations in the field would require
characteristics of a medium-size power transistor. either great over-meshing or a more expedient incluatpimitio of the

known field behavior in the formulation itself. The latter strand is very

|. INTRODUCTION

VIl. CONCLUSIONS
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