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Abstract—We have carried out a systematic study ofon- ambiguous due to the significant output conductance and kink
state breakdown in a sample set of InAlAs/InGaAs HEMT's  effect [14] often present in short gate length HEMT’s. An
using a new gate current extractiontechnique in conjunction ernative approach is to use a burnout criterion, as suggested

with sidegate and temperature-dependent measurements. We . . o
find that as the device is turned on, the breakdown voltage by Rohdin [12]. For this measurement, the device is biased at a

limiting mechanism changes from a TFE-dominated process to diven gate voltage, and the drain voltage is increased until the
a multiplication-dominated process. This physical understanding device is destroyed. While such a definition is precise, it is also
allows the creation of a phenomenological physical model for undesirably destructive. Finally, Meneghesso has examined
breakdown which agrees well with all our experimental results, the dependence of on-state gate current on temperature and

and explains the relationship betweerB1,,, and the sheet carrier . : . . .
concentration. Our results suggest that depending on device heterostructure design [8]. This work provides insight into the

design, either on-state or off-state breakdown can limit maximum Physics ofl¢, but does not investigate or defideV,y,.

power. We have recently proposed a simple, unambiguous, and
Index Terms—Breakdown, HEMT, impact ionization, MOD- reproduuplegate current e).(traCt'omgasuremem_ fO'BVOH
FET. [15]. In this work, we use this method in conjunction with sta-

tistical burnout measurements as well as detailed temperature-

dependent measurements and sidegate measurements to in-

vestigate the physics of both off-state and on-state break-
nAlAs/InGaAs and AlGaAs/InGaAs high electron mobilitydown. Our experiments illuminate the roles of impact ion-

I transistors (HEMT's) are enjoying significant success iization and tunneling plus thermionic field emission (TFE) in

microwave and millimeter-wave power applications [1]-[4]1BV,., BV.a, and device burnout. These insights allow us to

Great strides have been made in improving off-state brealevelop a simple physical model f&tV,,,, which explains our

down (BV,r) in HEMT's through a variety of approachesexperimental results. We find that depending on device design,

including the use of undoped or lightly-doped caps, higkither BV, or BV, can limit the maximum power density

aluminum content insulators, composite channels, quantizeida HEMT.

channels, and novel gate recess schemes [5]-[8]. At the same

time there has been significant work devoted to understanding

the origins of BV, g [9]-[11], so that it is becoming feasible to II. THE GATE CURRENT EXTRACTION TECHNIQUE

engineer HEMT’s with a given off-state breakdown voltage. This new technique to measufeV,,, is described in [15],

On the other hand, there has been relatively little work %‘6] sketched in the inset of Fig. 1. In essende, is held
the on-state breakdown voltag&Von), even thoughBVon  onstant at a desired value (a typical conditior-ismA/mm),

s a parameter of primary impor;a_nce _for power devices [12]q Ip is ramped from|Is| to some reasonable value (typ-
This has been largely due to difficulties in measuriy,, ically 20-40% 0fIpmay). This measurement traces a locus

in a safe, reproducible manner. Typically on-state breakdovglp Vps versusIp for constantly; we define this locus

is thought of as a significant upturn in the drain currenf BV,,. Fig. 1 illustrates the technique on a state-of-the-
Dickmannet al. have used this definition to exploV,,, in art 0.1um INAIAS/ING ¢;Ga, s5As HEMT [9]. BV, loci for
InAlAs/InGaAs HEMT's with different channel compositionsgg, aral values of; are superimposed on the device’s output

[13]. While such a definition is intuitively attractive, it ischaracteristics In this case, as the device is turnedson
difficult to implement in a reliable way, because observing tr}ﬁ Ig| =1 mA/mm first dr<’)ps from 4.2 (BV,g) to Iesns

rise in[p requires biasing the device in a region of S|gn|f|carﬂ.lan 2.5V, and then saturates. Similar behavior is observed
carrier multiplication. Furthermore, this definition is rathe]rOr other values of gate current

I. INTRODUCTION

Two advantages of the definition and technique are evident
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Fig. 1. BVgy versusI;, for 0.1 pum InAlAs/InGaAs HEMT for different
values ofI. The data are superimposed on the output characteristics. The
constantl/ criteria additionally tracks the sudden rise of drain conductance
often associated wittBV,,. The inset shows th@ate current extraction
techniqueused to measur®V,,. A constant current (typically 1 mA/mm)

is extracted from the gate whilg, is swept from the off-state (1 mA/mm)

to the on state.

Fig. 3. Physical mechanisms for breakdown. (a) Close to thresliglds

T - oo Tt almost purely tunneling and thermionic field emission. (b) As the device is
50 [ L a n =28x10"cm® . turned, impact ionization in the channel produces holes, which escape to the
= n A ¢ ate. (c) In order to support a constdat, Ve, andVps must drop.
[ [ 12 2 9 » VDG, DS
£ L * n =31x10"cm
< swf "™ ': = n=32x10"cm? -
E Al s o current (| = 3+1 mA/mm) on all three waferszgardless of
E 'QAA-. """ Model, n, = 3.2x 10" cm Ip. This suggests that in this regime, the burnout is associated
£ 30 aBRT 7 with the total multiplication current, which should be mapped
o wx ¥ . by I once the device is turned on hard [8], [16], and not with
= 20| 5 ’%'s* % 4 the drain current. This is consistent with previously reported
2 " *3 % ] burnout results [12]. However, at lower valueslgf, burnout
\ n . . .
3 “ BN " occurs atsignificantly higher values ofls. Such a result
2 A Tox suggest either that the burnout mechanism is changing, or that
0] g o¥ ‘A}"*i%ﬂl{*nl the origin of the gate current is changing, as we discuss below.
*
0 N I . 1 L 1 . 1 . " L ]
0 100 200 300 400 500 600

Drain Current at Burnout (mA/mm) IIl." ON-STATE BREAKDOWN PHYSICS

) . . We have previously suggested that in the off-state, tun-
Fig. 2. Measured gate current at burnout as a function of drain current l d d . h
for several different 0.2¢m InAlAs/InGaAs HEMT's. For all three wafers, neling an TF_E_ Om'nate the reverse. gate current [9]1 [11]-
burnout in the on-state occurs at arouhe = 2.5 + 1 mA/mm regardless Furthermore, it is widely agreed that in the on-state, reverse
of Ip, so long aslp is above 200 mA/mm. At lower values @f, bumout  gate current arises as a result of impact ionization [8], [18].
occurs at much higher values &f;. Also shown is the modeled gate current L . . .
for one of the devices obtained by varyidg, while holding the impact Comblnl_ng these tWO_ObServat'an creates a simple picture of
jonization component of; constant. the physics oBV,,,, which is consistent with the measurements

above and with previous results (Fig. 3). When the device is

Such an interpretation is supported by statistical burnt:ﬁljased in the off-state abVog, Ig is almost purely TFE
R

ig. 3(a)]. However, as the device is turned on, electrons flow
measurements on several wafers. In order to measure bur S : .
rough the high-field gate-drain region, where they undergo

we inject a given current into the drain, and gradually increaﬁﬁpact ionization. This produces holes, some of which escape
the gate current until the device fails. As confirmation we ha\fS the gate. In order to maintain constaht, Vpe must

also performed voltage-driven burnout measurements, wh%rr%p, and so mustps. Thus when the device is just above
Vs is held constant, andfys is increased until the device inreshold, both impact ionization and TFE contribute to the
fails. Both approaches yield similar results, shown in Fig. gate current [Fig. 3(b)]. Finally, once the device is fully on,
Here we plot the measured gate current at burnout versggpact ionization dominates [Fig. 3(c)]. In this regim8V,,
drain current at burnout for three wafers with different sheglecomes quite vertical, due to the exponential dependence of
carrier concentrations. In the high current reginig ¢~ 200 impact ionization on field. Such a picture should apply to
mA/mm), burnout occurs at an approximately constant gateost power HEMT structures, although the transition from
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Temperature (*C) Fig. 5. Sidegate current measured during on-state breakdown measurement

. . _ _ of 0.1wum InAlAs/Ing ¢7Gay 33As HEMT (Vs = —50 V). The rise and
g? 4. ITem_pezreOatoure E/ependince?t;ﬁ (JA{/Gl =1Ip = ’lb‘lgggm/T)Gerj saturation off s demonstrate the transition from the TFE dominated off-state
PHEIl\/ﬂ('D d_ X 'mdmr:n, | Cf|l XIA /ImGarRm)HIEMaTn s/in S to the impact ionization dominated on-state. Also plotted are the simple

and a strained channel INAIAS/In S ’ model's predictions for impact ionization current.

TFE dominated to multiplication dominated gate current Wiuurrent while the locus aBV,, is being traced, we can obtain

likely occur at different values of . a picture of the relative contribution of impact ionization to
In order to explore these physics, we have performege gate current.
temperature dependent measurementsBdf., and BVog The results of this measurement on the InAlAs/

for several different HEMT designs, including a h'gh1n0,67Gag,33As HEMT are presented in Fig. 5 as a function of
performance 0.1:m AlGaAs/In 22Gay.7sAs PHEMT [17], ;. and1,,. These measurements were taken while 6,
a 0.1pm InAIAs/Ing 67Gay.3sAs HEMT's [9], and a lattice- |qci were being traced. When the device is aff,(small),
matched 1sm InAlAs/inGaAs HEMT fabricated at MIT iye sidegate current is minimal and relatively independent of
[15]. Fig. 4 compares the results for the PHEMT and thg. ingicating that in the off-state TFE dominates breakdown.
INAIAS/INg.¢7Gay.33As HEMT. Here BV,g is defined at Note that there is some increase fig: with increasinglc;
llg| = Ip = 1 mA/mm, and BV, is tracked atllg| = 1 this has been observed in other devices, and is probably
mA/mm, Ip = 200 mA/mm. Similar results are found for gue to the combination TFE-impact ionization mechanism
other choices of , above 100 mA/mm. that has been previously suggested [10]. The fact that this
Examining first the results on the PHEMT, we observe thicrease inZse is so small suggests that this mechanism
BV, exhibits a negative temperature coefficient, droppiqgays a secondary role iBV,g.
from 7V at—65°Ctolessthan 6 V at-75°C. This negative ~ As the device is turned on, the sidegate current rises
temperature dependence is consistent with a tunneling/TEjgnificantly. This is a signature of increasing impact ion-
mechanism. Howeve3V,, in the PHEMT exhibits a small jzation in the channel. However, since the gate current is
but significant (50 mVYyise as temperature is increased. Th@eld constant, impact ionization can only increase ufil
transition from a negative to a positive temperature coefficiet completely dominated by hole current. This occurs for
is a clear signature of a transition from TFE to impact,, ~ 80 mA/mm, where we observe that the sidegate current
ionization. saturates. Naturally, the saturated sidegate current scales with
In contrast, the temperature dependences of W8th, . These observations indicate that 1) for high valueknfa
and BV, for the InAlAs/In 67Gay.33As HEMT are negative. constantl; criteria corresponds to constant impact ionization,
Similar results are observed on the lattice matched devigad 2) the gate’s hole collection efficiency does not depend
(not shown). These results are consistent with the recenuch onl; or Ip. Indeed, the proportionality of; and
demonstration of a negative temperature coefficient for impagt,; — 54| strongly reinforces the link between gate current
ionization in InGaAs with higher indium concentrations [8]and impact ionization [8]. Measurements of the lattice-matched
Unfortunately, the identical signs of the TFE mechanism anlbvice yield similar results; however, saturation only begins
the impact ionization mechanism make isolation of the physias occur around/ = 200 mA/mm, suggesting that due to
more challenging. the long gate length and less aggressive design of this device,
In order to distinguish TFE from impact ionization in theémpact ionization plays a less important role BWV,,, and
InAlAs/InGaAs HEMT's, we have directly monitored holetherefore TFE is important up to relatively higher valueg of
generation through a negatively biased sidegate [18] or throughThis picture ofBV,_,, is also consistent with our observations
a fourth probe on the substrate next to the active device [16]. burnout and the hypothesis that burnout is strongly related
The sidegate extracts a small portion of the generated holesimpact ionization [12]. When the device is fully offig
without disrupting device behavior; thus by measuring sidegadge almost purely due to impact ionization, so a burnout
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Fig. 7. Comparison of measured and modeled breakdown contours for

Fig. 6. Comparison of measured and modeled gate current characterisdsem InAlAs/inGaAs HEMT for differentl; criteria.
for 0.1«m InAlAs/InGaAs HEMT.

seen in gate current characteristics is not present because in
mechanism due to impact ionization should occur at a constélis chartVp is being held constant. Thus, as the device
gate current. On the other hand, when the device is néauturned on, the gate current is nominally linearlig. It is
threshold, I consists primarily of thermionically emittedalso clear that in this regime, TFE is not making a significant
electrons. In this case, burnout will not occur uniif is contribution tols, aslq is small in the off-state.
increased to a much higher level, since the impact ionizationA comparison between the modeled and measuséd,
component ofl; is small. This is what is observed in theloci is plotted in Fig. 7. Using the same fitting parameters as
results of Fig. 2. used to model the gate current at lower valuesd/gt;, the
model accurately captures both the initial dropAY,,, and
IV. ON-STATE BV MODEL the more vertical behavior @8V, at higher values af . The
model works well for the full range of; values considered.

The results in Fig. 7 are more impressive when considered

mpdel tha't can as;ist devicg and circuit desi.gners, For a giy "tonjunction with the sidegate measurement of impact ion-
bias condition /¢ is determined by the fraction of the hOIeSization and the model’s predictions of impact ionization. Fig. 5

generated by impact ionization that are extracted by the g fots the amount of impact ionization currentfa predicted

and by the number of electrons which escape from the g t)gthe model for the simulatedV,, loci in Fig. 7. As can

due to TFE and tunneling be seen, the model predicts exactly the same initial rise and
Io = Itpp + L. (1) subsequent saturation of impact ionization that is seen in the
sidegate measurements. In other words, the model not only
We have previously shown that TFE depends mainly on tligs the actualBV,,, loci, but also correctly models the relative
extrinsic sheet carrier concentration, the gate Schottky barrgbportion of impact ionization i for different values of
height, andVpe [9], [11]. Proper calculation of the impact. and Ip.
ionization current requires precise knowledge of the fields in Finally, the model helps us to understand the burnout results
the channel and of the ionization rate. It is possible, howevehown in Fig. 2. Here we have used the model to predict
to simplify the problem using the experimentally verifiedhe total gate current for one of the devices as a function

Our simple picture ofBV,, leads to a phenomenological

expression [18] of I, under the condition that the impact ionization current is
_B constant at 3 mA/mm, which should be a reasonable predictor
I;; = Alp exp <ﬁ> (2) for burnout [12]. Similar results are obtained for the other two
DG — VT

devices. As can be seen, the model predicts thaf for 200
B can be determined from sidegate measuremestss a mA/mm, constant impact ionization corresponds to constant
scaling constant that depends on device design. While tlyiate current. On the other hand, at low valuesigf Vpg
expression is a phenomenological one, it does capture the keyst be made much higher to yield 3 mA/mm of impact
physics of impact ionization: carrier multiplication depend®nization current; this in turn yields significantly more total
linearly on the electron flux (i.eZp), and has an exponentialgate current through the TFE component. The predicted gate
dependence on the field in the drain-gate gap. current does rise much more quickly than the burnout current;
Fig. 6 shows the modeled and measured gate currdis is due to the simplicity of our impact ionization expression
characteristics for several values dfp; for the 0.1- (which becomes less valid at the hi§lys, low I conditions
#m InAlAs/Ing ¢7Gay.33As HEMT considered above. Therequired for lowip burnout). Nonetheless, the simple model
agreement is very good. Note that the bell shape typicaliipes give physical insight into the burnout results.
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Fig. 8. Comparison of measured and modeled breakdown contours for 800 2 2 A
0.1m InAlAs/InGaAs HEMT's with three different sheet carrier concen- n,=29x10" cm
trations at|/g| = 1 mA/mm. P_=130 mW/mm
600+
To explore the impact of design parameters B, 1004
we have measured a sample set of prih InAlAs/InGaAs
HEMT’s with varying values of extrinsic sheet carrier con- 200+ fi,l =1 mA/mm]
centrations(ns) (Fig. 8) [9]. The model works well for all et D
three devices with physically reasonable choices of fitting o3 ; 3 3 7

parameters; similar agreement is found for differkntriteria.
Interestingly, increasing, results in much more vertic&V,,,
contours. It is striking that three devices with such differsig. 9. Comparison of power load lines for InAlAs/InGaAs HEMT's with
ent BV, values (1.9-4.7 V) approach simildV,,, values three.bc;"ﬁfregt Shtﬁetlca”'eé C‘?”C‘i”t'at'onts- Due to th‘:[‘ STamb““ itis
(2.2-1.7 V at 200 mA/mm). Our model explains this behaviorr):OSSI & To ias The Tolt, device Tor greatel power otiput
in the highern, devices,BV,g is low; thus the field in the 800 .

- . —=— Measured BV
channel is lower, and the device moves more slowly from —+ Modeled BV_‘with high BV (+3 V)
TFE into impact ionization. As a resul3V,, only degrades " [ on on |
slightly. This view is supported by the model and by sidegate. g0 | i
measurements on the higher devices [16], which show &g
that these HEMT’s move gradually into impact ionization. Ing
contrast, we might expect devices with lower and higher
BV, to move more quickly into impact ionization. This may“g’
explain the discrepancy between our pictureddf,; and the ¢
previously suggested TFE-initiated impact ionization mechéé!;
nism [10]—asn, is decreased an®V_g is enhanced, the ]
contribution of impact ionization t&V, g is enhanced as well. 100 - .

Drain-source voltage (V)

500 - -

nt (

400 |- 4

The devices’ similarity inBV,,, at higher currents seems to ol - . . ‘
suggest that improvements BV,g are not very meaningful 0 2 4 6 8
from a power point of view. However, examination of allow- Drain-source voltage (V)

able load lines on each device (Fig. 9) makes it clear thlgt . . . .

. . . ig. 10. Comparison of measureBV,, locus in low n,; device and
the shapeof the BV, locus is crucial to a device’s poOwerhypotheticalBV.., locus of a device with identical impact ionization behavior
potential, as has been previously noted in MESFET’s [19]. but higher ¢3 V) BV, due to Schottky enhancement. Even though the

From a physical perspective, it is interesting to note whiéWpOthe“C.‘"‘I device has much high8V,g, the allowed load line provides

. . L . . only marginally more power output.

physical mechanism limits power for the different designs. As
seen in Fig. 9, the load line for the high device intersects aroundip = 160 mA/mm. At this point impact ionization
the BV, locus close to the off-state; this device is thus limitedominatesi, so that increasing the Schottky barrier might
almost exclusively by gate thermionic field emission. If onrot yield much improvement in the power performance.
wished to improve the power performance of this device, To examine this question further, we have used our model
approaches that suppress TFE would be most productive—etg.compare theBV,, locus of the lown, device with the
improving the Schottky barrier height by increasing the aluBV,, locus of a hypothetical device with identical impact
minum content of the insulator or changing gate metals. Ganization behavior but an improvedV,; due to an enhanced
the other hand, the low, device intersects th&V,, locus Schottky barrier. Fig. 10 shows this comparison. As can be
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