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Measurement and Characterization of
HEMT Dynamics

Anthony E. ParkerSenior Member, IEEEBNnd James Grantley Rathmeéllember, IEEE

Abstract—The variation of high electron-mobility transistor the measurement. Models fitted to steady-state measurements
(HEMT) large-signal behavior with a change in operating con- describe S-parameters, intermodulation characteristics, or
dition is examined with a view to understanding the dynamics large-signal parameters at the particular operating point at

involved and developing a modeling strategy. The observed - . .
variation exhibits the dynamics of thermal, impact ionization, which the device is to be used. Isodynamic pulsed measure-

and trapping effects. A novel measurement of drain characteristic Ments provide a good characterization of the large-signal
transients gives time-evolution information that clearly shows response to microwave signals that is also applicable to one
these as separate quantifiable phenomena with significant depen- gperating condition—that of the measurement [1], [2]. If the

dence on initial operating conditions. A drain—current model that operating point is changed, the characteristics are found to

describes high-frequency characteristics with pinchoff, gain, and deviat d t and del i ired. Alt
drain feedback parameters is adapted to describe the variation eviate and a new measurement and model Is required. Alter-

of the characteristics with changing operating conditions. The Nnatively, a universal model would incorporate the dynamics of
results reported give insight and grounding for simulation of phenomena involved in the dependency on operating condi-

HEMT circuits. tions. A characterization strategy that provides this information
Index Terms—HEMTS, high-speed devices, impact ionization, is required for such a model.
kink effect, pulsed characterization. Phenomena, collectively calledlispersion effects are

responsible for the operating point dependency of device char-
acteristics. Although the classification of dispersion effects into
thermal, electron trapping, and other mechanisms is common,
PART FROM providing efficient and accurate simulationhe characterization and modeling of their dynamics is still
of circuits, models that describe high electron-mobilityy sought-after goal [3]-[6]. Thermal and charge effects are

transistors (HEMTs) should be applicable to frequencieshserved in steady-state dc and RF measurements, but their
ranging from dc to microwave, cover a wide range of operatingynamic behavior and the existence of other dispersion effects
conditions, and should contribute to an understanding of tbennot be inferred uniquely from the steady-state data [7]. The
operation of the device. For any fixed operating conditiomharacterization strategy required by a universal model is one
devices give an instantaneous response to high-frequemieyt can quantify these dispersion effects.
signals, which is well described by either small- or large-signal The following sections report a study of dispersion dynamics
models. However, the response to microwave signals exhiliiigsed on the time-evolution of HEMTs from their puldéd-
a significant variation with the operating condition that is 8haracteristics to their dc characteristics. This gives a clear view
serious simulation problem for many applications in which thef the dynamics of the dispersion effects in the HEMTs. Sec-
operating point depends on the signal conditions. For exampien Il discusses issues in the pulsed measurement of high-speed
particular forms of asymmetric distortion and various modulaevices and the transition from instantaneous to dc characteris-
tion schemes give rise to changing average or dc conditionstigs. This transition exhibits clearly separable and quantifiable
an amplifier. Other applications that will suffer are those thaihermal, impact ionization, and trapping effects. The initial op-
deliberately vary operating conditions or that involve frequerrating condition has a significant influence on this transition,
cies comparable to that of the operating-condition dependengich is explored in a discussion of observations in Section IlI.
The dependency needs to be quantified and incorporated in thgection IV discusses the adaption of a drain—current model
device models. to describe the variation of the characteristics with changing

Steady-state RF measurements provide good small-sigegkrating conditions. To do this, the dynamics of the dispersion
characterization of high-frequency devices that is applicakééfects are incorporated. The resulting model tracks changes in
to one operating condition—the operating condition used feperating conditions and is able to predict circuit phenomena

such as gate—lag and drain overshoot.
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Recent availability of pulsed-bias and pulsed-RF measureme g4, |
equipment [1], [2] has given a comprehensive picture of thi
operating-point dependency through repeated measuremento
various operating points, such as that of a preliminary stud.~7o0 |
carried out on an HEMT [8]. It has been established tha g 4,
the high-frequency characteristics are significantly influencer’s
by the average operating condition and are very dif'ferer:e'500 I
from the dc characteristics. Fig. 1 illustrates this with the%’wo
pulsed¥/V characteristics of an HEMT at different operating 2 200
points, together with the dc curve. The different instantaneoL's
characteristics of an HEMT must be considered as a functio® 2% [
of operating point and of signal potentials with respect tc 100
the operating point.

For the particular pulsewidth (100 ns) employed in Fig. 1,
there is an obvious dependency on initial operating conditio
that features &ink effect. There is distinctly different behavior
on either side of the kink. Thermal-related reduction in current
is a dominant property of the dc characteristics. The time of oc
currence of the thermal effect, the change in the kink, and th
existence of other dispersion effects remains unobserved. Tl
issue that arises is that of what constitutes a change in the 0.z 700
erating condition and what processes occur during the chanc € ..,
To address this, the transition from the pulsed characteristics &
the dc characteristics was measured. This gives a time evoluticz *® [
from the instantaneous characteristics to the dc characteristic g 400

For this study, the time evolution of HEMT characteristics2 ,
was measured from several initial operating conditions. Eac's
point in thel/V characteristic was observed from the time of a° 2®[
step change in the operating condition until it settled to a nev 100
dc value. Each point in the pulsed characteristics of Fig. 1 is th
start of a transition to a new operating point from the initial con-
dition before the pulse. If the point is visited briefly followed by
a return to the initial condition, as is the case in Fig. 1, then the
operating point is not changed. However, if the pulsewidth is ex-
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tended, then the HEMT'’s drain current will eventually settle tbig- 1. DC and pulsed characteristics at 100 ns for four initial operating

. L . . conditions withvgs at—1.5,—1.0,—0.5, and 0.0 V as the parameter. The two
that of the CorreSpond'ng pointin the dc characteristics. Dur"ﬁ s of pulse data cover the same terminal potentials as the dc data (—). Shown

the transition, the cumulative effects of the dispersion are abpulse datag) from initial point () atVes = —0.75 VandVps = 1.2V,

servable. data (@) from initial point (J) atVgs = —0.75 VandVps = 4.2 V, data
(x) from initial point (x) atVss = —2.0VandVps = 1.2 V, and data{)
from initial point (+) atVgs = —2.0 VandVps = 4.2 V.

A. Time-Evolution Measurement

An enhanced arbitrary-pulse semiconductor parameter aggs| noints in the vicinity of a desired point in the characteristic

lyzert was used to measure the time evolution of an HEM{,ore measured and the current at that point was determined by

The stability and accuracy of the measurement was of partigsgvare interpolation. This was repeated for all points in the
glar mportance for this study: Due to the common-Source Cofy5| characteristics and at each time point. The rise time of the
f|g.urat|on_of the sample devices and the r!eed to he}ve a IQfmulus was less than 50 ns. Drain current and terminal volt-
driver resistance, current was measured using a floating diffgfyes \vere sampled at 64 points distributed logarithmically from
ential amplifier that detects the voltage across a sense resistgh ns to 100 ms. A display of current on a logarithmic time

through which the drain current was passed. Common-moge; e shows transitions over many decades of time more clearly.
voltage gain of the current sensor increases with frequency, but

was reduced by floating of the amplifier's power supply. Th _ Time-Evolution Data
current measurement was tested and found to be stable and ac- ) )
curate from less than 100 ns to over 100 s. The interpolated data from a time-evolution measurement
In pulsing to each desired stimulus point, the effect of drifives, for an initial operating condition, a set ¥ charac-
and transit responses of the voltage amplifiers that drive the d@uistics at time points from 100 ns to 100 ms. This is shown
vice is avoided by sampling voltages directly at the device. Sé@r four initial operating points in Fig. 2(a)—(d). This figure
shows the initial condition (drain current and potential) before

1Arbitrary pulse semiconductor parameter analyzer, Sydney, Australia, 20&1!.6 transition as a solid I'ne_con_Stam n t'me' Each surface
[Online]. Available: http://www.elec.mq.edu.au/cnerf/ gives, for a constant gate potential, the drain current versus
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Fig. 2. Transient drain characteristics as a function of time after a step change from the initial condition shown by solid lines (—). Each grapfficsteses s
drain current withv g at—1.5,—1.0,—0.5, and 0.0 V as the parameter. (a) Froms = —0.75V, Vps = 1.2 V. (b) FromVgs = —0.75V, Vps = 4.2 V.
(c) FromVgs = —2.0V, Vps = 1.2 V. (d) FromVgs = —2.0V, Vps = 4.2 V.

time and drain potential. The rear edge, at 100 ms, is the placation of a particular pulse stimulus is an important aspect of
characteristic shown in Fig. 1. The front edge, at 100 ns, is tllee measurement.
pulse characteristics shown in Fig. 1.
When interpreting this data, it is better to consider each point
: T X ; L I1l. OBSERVATIONS
in the characteristics in isolation. That is, the transition is from
the initial condition, shown by a solid line in Fig. 2, at zero time Several phenomena are observed and can be separated and
to a point on the front edge of a current surface. As time prquantified by studying the data in Fig. 2. The effect known as
gresses, the current then follows a line of constant drain potelrain overshoots observed at the high-drain-potential low-time
tial toward its final dc value. Depending on which point in theorner of the high-current surface. Thatis, when a step transition
characteristic is considered, the time evolution passes througha high-power point from a moderate operating point occurs,
various changes in current. the drain current is observed to rise quickly and then settle to a
Fig. 2(a)—(d) clearly demonstrates that it is important to attasmaller value. The effect known gste lagis observed after a
a time parameter to the pulse measurements. The time from &pnsition from pinchoff to moderate drain current and potential.
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Thatis, when turning on the device, the currentrises rapidly anc 590
then, after several microseconds, rises further. The phenome

contributing to these effects are explored in the following sub- €
sections.
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A. Thermal Dispersion 600

An important effect observed in the characteristics of the rel 3 soo
atively large device shown in Figs. 1 and 2 is self-heating du§
to the power dissipation at the operating points. Being related t&
power, this form of dispersion is dominant at high currents an(g
high drain potential. It is responsible for the apparent negativ & 200
conductance in the dc characteristics and contributes to the r g 1o
duction in drain current. This can be described by the followingc
simple thermal model:

Drain Potential (V)

iDS = tp(Ty) (1 - 5P> (1)

. . .. Fig. 3. DC and pulsed characteristics of Fig. 1 transformed to isothermal
where ip (7, is the isothermal currentthat would flow if  conditions withv.s at—1.5,~1.0, and 0.0 V as the parameter. The symbols
there was no temperature—related variation due to the &w-each curve and initial operatin}; conditions are i(_jentical to those of Fig. 1.
erage power dissipatioﬁ. This is derived by assuming thatNote that the curves fargs = —0.5 V have been omitted for clarity.
the instantaneous drain currefs is a linear function of
temperature riseAT[K] with thermal coefficient A\[K~!],
ips = ip(r,) (1 — AAT); and that the temperature rise is th
product of thermal resistander[K/W] and power dissipation
AT = Ry P. A thermal resistance-temperature coefficien
paramete = ARy [W 1] is used [8].

vas = —1.0V surface shows the variation of current with time.
line at a low drain potential near 1.5 V is constant for the first
ew divisions and then, at about 1 ms, a transition from the ini-
ial pulse current to the dc value occurs. At drain potentials near
V, the transition occurs during the first few divisions, i.e., at

The isothermal characteristics can be determined from t BOUt 1iis. Athigher potentials, itis reasonable to assume that
data shown in Fig. 1 using (1). Note that, for dc measuremen e transition occurs much earlier than the 100-ns edge of the

o ) = . . surfaces shown.
each point is at its own bias, thuB,= i psvps. Forisothermal ) . I .
pulse measurements, the average power dissipation is that of H(gon&derable progress has been made in attributing the kink

t . S
initial operating pointP = IpsVps. However, there is some © ect to aspects of impact ionization [6], [9], [10]. When an

initial junction heating prior to the first pulse sample at 100 némpaCt '0”'2‘?‘“0” current is estaphshed in the Cha”r?e" there_ IS
sgme tunneling of charge from this current to traps sites outside

To account for this, the bias power can be estimated from . . . . -
b tt1e channel region [11]. The potential built up in these trap sites

weighted average of the power dissipation of the initial poil.ﬁ .
and of the puls® = r InsVis + (1 — 1) ipsvns influences the channel current in the same way as the gate poten-

The resulting isothermal characteristics oe 0.1 [mm/W] tlaltdotgsl. tThe_ transco;(;j_ij_ctar}ce of thte de\;u_:s zt;\_mpltf:e;s_the trap
andx = 0.95 are shown in Fig. 3. This figure shows thatPOteNtal to give an additional current contriution that 1S usu-
lly greater than the contribution from impact ionization alone.

for each point at potentials greater than that of the kink ef- o .
fect, the currents in the characteristics have converged ne ath of these current contributions are present in the dc charac-

common value for that point. This implies that dispersion i ristics, whereas only impact ionization current contributes to

this high-drain-potential region is dominated by self-heating, e initial value of the pulse characteristics before the traps are

described by (1). This is especially true at intermediate dra ected. . . .
currents. The differences in the isothermal curves near pinch ffThe traps are QCCUP'.ed "%t arate proportional to the probabll_lty
(low drain current) could be partly attributed to temperature d at _charge carriers will migrate to or fr.om the _trap S|te§. This
pendence of the pinchoff potential that has not been accouniigis proportional to the number of carriers available, which are
for. The significant variation between the pulse and dc curv ose in the impact ionization current. This current is described
in the other regions can be attributed to impact ionization a o [10]

trapping effects. _B
i = Alpsexp 7/ T (2)
B. Impact lonization DS — VDSt

The dominant nonthermal dispersion effect iskirkin the where A and B vary between HEMT processes and bias con-
characteristics of Figs. 1-3 . There is a critical drain poteditions. The higher this current is, the faster the traps can fill.
tial below which there is a significant time constant associatddhus, the important feature of dispersion caused by impact ion-
with the time evolution of the current from the initial 100 ngzation is that the time constant for the buildup of trap potentials
of the pulse to the dc value. Careful examination of Fig. 2 rés inversely proportional to the impact ionization current. This
veals that this time constant varies considerable with drain garedicts the long time constants observed at low drain potential
tential. The surfaces in Fig. 2(d) display this most clearly. Fam Fig. 2. Fig. 2(c) and (d), which start from a zero current con-
example, following a line of constant drain potential across thiktion, best displays this. The drain current undergoes a rise at
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of average power based on (1) [13]. The isothermal drain current
in (1) is given by

70 1

< 65 .
- B vs
s s ()] o
£ 60 - iy
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wherel', @, o, and ¢ are model parameters, and the func-
1oons us 10us  100us  1ms  foms  iooms  1s tion M() smoothly implements the saturation knee at low
Time drain—source potentials. Equations (4) and (5) give posi-
tive-valued effective depletion potentials at the source and
Fig. Tl- Drain currednt_as afunhction,O{/_timeiyafter aSterChﬁ;]geT Lror_ﬂ_dif{eredrain ends of the channel, respectively. Nonthermal dispersion
o " votion e sy 15 described by giving bias dependence o the transconductance
the inset legend. scaling factor,3, pinchoff potential Vi, and drain—feedback
term-y.

. L . . The time evolution of the dispersion effects is described b
atime that is inversely related to the drain voltage. For Fig. 2(@.} P y

. S e process used to calculate the time-averaged terminal poten-
and (b), the effect ofimpact ionization is far less pronounced, fifls and power dissipation. In the simplest form, which is ade-
the traps involved are mostly filled at the initial operating co '

o n(iuate for most applications, a single time constant is used in de-
dition. termining the averages. Thus, the model keeps track of time in
terms of average values of the voltages and power. The time con-
stants are chosen to best approximate the transient behavior such

Describing the transient behavior of HEMTs in simple termas shown Fig. 4. A more elaborate model can be constructed by
such as drain overshoot and gate lag overlooks the simultaneosi#g multiple time constants to describe the series of thermal
action of more than one dispersion effect. Thermal effects cpaths from junction to ambient. Bias-dependent time constants
produce drain overshoot, and impact ionization effects can psgeuld better describe the effects of impact ionization.
duce gate lag. However, as seen in the time-domain profile ofThe extraction of the model parameters is illustrated in
Fig. 4, both effects occur in the transients. This figure showise following example. Instantaneou8/ characteristics of
(as a function of time) drain current after pulsing to a parti@ 400.:m pseudomorphic high electron-mobility transistor
ular point from six initial operating points. The point pulsed t¢pHEMT) were measured with 300-ns pulses for a range of

C. Transient Response

is Vas = —1V, Vps = 3V. The range of initial points was initial operating points (in this example, 20). The parameters
chosen to give changes with constafts, constanfVps, and for the above model were extracted from the pulse data at each
constantVpg. initial point by a simplex-based least-squares optimal fitting

The lower three transients in Fig. 4 are from initial currentsf the model to the data. The variation of the key parameters,
and power dissipations that are higher than the final point. Thichoff potentialVo, gain 3, and drain—feedback factor
transients exhibit an initial reduction in current due to a reduts described as polynomial functions fitted to their variation
tion in impact ionization, followed by an increase in current agith bias. Fig. 5 shows the fitted variation of these parameters.
the device cools down. The gain parametes is seen to be of primary importance for

The upper three transients in Fig. 4 are from initial conditiordescribing the observable dispersion.
with currents and power dissipations lower than the final point. Given a bias condition, the corresponding values of the model
The transients exhibit an initial increase in current due to garameters describe the pulse characteristics at that bias. The
increase in impact ionization, followed by an decrease in curremterall model tracks the changes in bias as a function of time and
as the device heats up. adjusts the model parameters accordingly. That is, the model pa-
rameters are functions &g andVgp andIpsVps. During
a transient simulation, the bias is calculated as an average ac-
cumulated over time constants chosen to fit the dispersion rates.

A model of the large-signal dynamic behavior of an HEMTT his adjustment of the key parameters as a function of bias gives
is proposed in light of the observations above. The drain curreant accurate simulation of the transient response, which is illus-
is described in terms of instantaneous terminal potentials trated in Fig. 6 for the extracted device. The transients shown
andwg p, the time-averaged terminal potentiddss andVgp, exhibitdrain overshootindgate—lageffects, which the model
and time-averaged power dissipatibnsVps (five variables) is able to simulate. The initial rise shown in this figure at around
in a similar fashion as the previous rate-dependent MESFBRUT s is due to impact ionization dispersion, and the later change
model of [12]. Self-heating is implemented as a simple functiaat around 10Q:s is due to the thermal dispersion.

IV. DISPERSIONMODELING
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Fig. 5. Extracted model parameters versus average drain poteptialvith gate bias as the parameter.

A simple modeling strategy has been presented to describe
the observed transient behavior of an HEMT. This model gives
bias dependence to the characteristics and tracks the changes
in bias so that the time evolution of the characteristics is de-
scribed. This examination of HEMT large-signal behavior pro-
vides a better perspective for understanding the dynamics in-
volved and an insight and grounding for future work.
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