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Determining Dominant Breakdown
Mechanisms in InP HEMTs

Mark H. Somerville Member, IEEEChris S. PutnamiMember, IEEEand Jesus A. del Alam&enior Member, IEEE

Abstract—We present a new technique for determining the dom- 8 g T . T
inant breakdown mechanism in InAlAs/InGaAs high-electron mo-
bility transistors. By exploiting both the temperature dependence
and the bias dependence of different physical mechanisms, we are
able to discriminate impact ionization gate current from tunneling
and thermionic field emission gate currentin these devices. Our re-
sults suggest that doping level of the supply layers plays a key role
in determining the relative importance of these two effects.

Index Terms—HEMT, impact ionization, InAlAs, InGaAs, tun-
neling.
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I. INTRODUCTION

nAIlAs/InGaAs high-electron mobility transistors (HEMTS) -
I are very promising for millimeter-wave power and pho-
tonic applications [1]; however, they often suffer from poor F ‘ . ‘ . ' . . . 1
off-state breakdown. The cause of this behavior is a subject ¢ 200 250 300 350 400
debate—it has been variously claimed that impact ionizatio
(), thermionic field emission (TFE), tunneling, or some
combination thereof are responsible for off-state breakdowpy. 1. off-state breakdown voltage as a function of temperature for a variety
[2]-[6]. Furthermore, different devices may suffer from difof 0.1xm InAlAs/inGaAs HEMT designs. In all cases, the breakdown voltage
ferent breakdown mechanisms, depending on the details of ﬂﬁ&reaseg with increasing temperature. The inset shows typical drain-gate diode
. . . " characteristics for the medium, device.
design (insulator thickness, recess, channel composition, anJ
so forth).

Clearly it is desirable to know which mechanism dominate#0 they quantify the relative importance of Il and tunneling [7].
breakdown in a particular device, as this facilitates intelligeit addition, in many industrial processes sidegate structures are
design improvements. In most material systems, one caat available. In this work we develop a novel, straight-forward
easily determine breakdown mechanism through temperatagproach to determining which mechanism dominates off-state
dependent measurements. Unfortunately, determination bs¢akdown. Using our measurement technique, we conclude
breakdown mechanism in InAlAs/InGaAs devices is substatat doping level is crucial in determining the relative impor-
tially more challenging, because of the anomalous positit@nce of these two effects.
temperature dependence of Il in InGaAs [5]. This temperature
dependence implies that the breakdown voltage drops with Il. EXPERIMENTAL
increasing temperature regardless of whether the dominan

. S o }l\s a vehicle for this work we have used three high-per-
physical mechanism is electron emission from the gate or Il .
o formance, strained channel, double heterostructure
within the channel.

We have previously utilized sidegate measurements to detliglrnr-AlAS/InO-67@'%33AS HEMTs, described in [4]. Al

mine the dominant mechanism in off-state breakdown, but suc veLg ~ 0.1 um with gate-drain spacingpc ~ 1 um, as

. X . well as identical insulator and channel thicknesses. A selective
measurements do not allow device-to-device comparison, nor,

gate recess was used to improve device uniformity. The only
major difference among the three devices is sheet carrier

Manuscript received June 11, 2001; revised August 21, 2001. This work Wéncentration, which ranges froPR2 x 1012 cm—2 (|OW 715)
supported in part by Sanders, a JSEP Fellowship, and in part by National Sci- 12 o
ence Foundation Grant under Contract 9906552. The opinions, findings, 4@d3-66 X 10-= cm™= (highn,).
conclusions or recommendations expressed in this material are those of the auFhese different doping levels lead to substantially different
thors and do not necessarily reflect the views of the NSF. The review of thif-state breakdown voltages as Fig. 1 shows. Here we have
letter was arranged by Editor E. Sangiorgi. ’ .

M. H. Somerville is with Franklin W. Olin College of Engineering, NeedhamMeasured breakdow(/c| = 1 mA/mm) as a function of tem-

-Gate Breakdown Voltage (V)

Drain
N

Temperature (K)

MA 02492 USA. (e-mail: mark.somerville@olin.edu). perature using the drain current injection technique [8]. As has
C. S. Putnam is with IBM, Burlington, VT 05401 USA. been previously observed in other devices [3], BV consistently
J. A. del Alamo is with the Massachusetts Institute of Technology, Can&— ith i . | inalv. in the |

bridge, MA 02139 USA. ecreases with increasing temperature. Interestingly, in the low
Publisher Item Identifier S 0741-3106(01)10772-X. ns device, the slope and curvature®V (7T") change abruptly at

0741-3106/01$10.00 © 2001 IEEE



566 IEEE ELECTRON DEVICE LETTERS, VOL. 22, NO. 12, DECEMBER 2001

1 mA/mI E A 10 [ T T T T T L B IR
= ] Theory
& g = o n =282x10%cm®
a = § * n =315x10%cm®
o 5 = Ta= 320 KLY, 2 s n =366x10%cm?®
o £ < ¢
o} & =
“G(Iow—T)l 2
@ &
=]
o
'S ~A =
[ =
TAMM e ie e remreaeeeee o " - é o
= : : 2 2
5 : : =
O ! ! in
o ' : )
[} 1 : =
o] ! v O 1L el sl o eond T
AL R ey 1 > 107 10*  x10® 1x10*  10° 10% 10" 10° 10
Drain-Gate Voltage " llggow-T)! Low Temperature Gate Current (mA/mm)
Fig. 3. High temperature—low temperature gate current ratios versus low
temperature gate current. Data is presented for two different choices of high
1+ A = temperaturel = 290 K andZ" = 320 K), in order to show the generality of
. Vo S the measurement technique. All three devices follow the TFE-tunneling theory
E P & lines at lower currents, but devices with lowey values diverge adciow-13
= P = increases. This upturn indicates a transition to the regime in which impact
8 : ; E ionization is significant. The transition appears to occur at a slightly lower
o . S current level in thél” = 320 K case, as would be expected due to the positive
= [ £ . o T
G BVinur | BVugnr 91 temperature dependence of impact ionization in InGaAs.
Drain-Gate Voltage © g gow T increases. In Il-dominated breakdown, on the other hand,

the behavior of the gate current with temperature is very
Fig. 2. lllustration of high?" versus low-T behavior of the gate current different. For InAlAs/InGaAs de_wces, hlgh-te_m_perature and
for three different breakdown mechanisms. The left set of figures sketcH@V-temperature currents shoulivergeas Vpg is increased,

the gate current at two temperatures; the right set shows the ratio of the hifite to |ls positive temperature dependence. Finally, devices in
temperature gate current to the low temperature gate current. (a) Behayjgr: : -
for a tunneling/TFE limited breakdown; (b) Behavior of impact ionizatior‘{/{%lch Il has a negative temperature coefficient, such as GaAs

with a positive temperature coefficient, such as in InAlAs/inGaAs HEMTPHEMTs [9] should display the classic “twist” in the gate

(c) Behavior of impact ionization with a negative temperature coefficiensurrent characteristics [10] [Fig. 2(c)].

such as in AlGaAs/InGaAs pHEMTSs. Although both (a) and (b) have similar : : . ;

breakdown-temperature behavior, | i1 Versusleoy-r, behavior is This leads us to propose a simple measurement: for a given

markedly different. value of Vp¢, take the ratio of the gate current measured at a
high temperature to the gate current measured at a lower temper-

around 280 K. This suggests that a different mechanism migg:tyre' The behavior ofthis ratio as a functiork; or I gives

be responsible for breakdown at higher temperatures in the | {/gnlflcgnt insight into th_e physics dt. Fig. 2(a) ShO_WS hov_v
n, device. Is ratio would behave in the case of a TFE/tunneling limited

breakdown mechanism: ds; at high temperature increases,
the ratio of high to low temperature gate current should drop
and eventually approach 1 as fields beneath the gate increase,
We have also measured the gate-drain diode characteristiedding relatively more tunneling current. On the other hand,
(source floating) at each temperature (see, e.g., the insetwtfen Il becomes important in the InAlAs/InGaAs system, we
Fig. 1). These measurements can be used to illuminate theuld expect this ratio to begin rising with increasihg—see
breakdown mechanism by recognizing that although bolig. 2(b). Lastly, if Il has a negative temperature dependence,
TFE and Il increasewith increasing temperature, they havehe ratio drops below unity—see Fig. 2(c).
opposite temperature dependencies as a function of bias.Fig. 3 plots the results of a calculation &§yg,-7) and
Fig. 2 illustrates how this can be done. Here we compare the(.,-7) due to tunneling and TFE for the same temperatures
hypothetical drain-gate breakdown behavior of three devicesaad gate length as used in the measurement. The calculation is
TFE-dominated device [Fig. 2(a)], an ll-dominated device ia simple, one-dimensional model that assumes a uniform field
a material system such as InAlAs/InGaAs [Fig. 2(b)], and amder the gate (see, for example [11]). By using fields that range
lI-dominated device in a material system such as AlGaAs/Gafsm 0 V/cm up to3 x 10° V/cm, we can examine the be-
[Fig. 2(c)]. In tunneling-TFE dominated breakdown, low-temhavior of the ratio from a purely thermionic emission case to a
perature and high-temperature reverse gate characteristicmeling-dominated case; as expected, the calculated ratio ap-
should converge at higher biases. This is becausEpasis proaches 1 at high fields where tunneling dominates. Although
increased, the proportion of tunneling to thermionic emissidhis calculation does not model the spatial distribution of the

I1l. THE GATE CURRENT RATIO MEASUREMENT
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gate field, it is reasonable to expect that any mixture of tun- V. SUMMARY AND CONCLUSION
neling and TFE willapproximatelyfollow this theory line.

Also plotted on Fig. 3 are the results of temperature-depen-In summary, we have demonstrated a new technique for ana-
dent measurements & in our InAlAs/InGaAs HEMTs. The lyzing the dominant breakdown mechanism in InAlAs/InGaAs
I (high-1) /I (ow-1) ratios are obtained using diode measurddEMTs. By examining the ratio of gate currents at two dif-
ments taken dfi,., = 280 K and at two different high tempera- ferent temperatures, we can identify the bias condition at which
tures,Tig, = 290 K and 13,01, = 320 K. By choosing temper- |l becomes relevant. Our measurements suggest carrier con-
atures that are relatively close to 300 K, we can reduce the igentration is a major consideration in determining the impor-
pact of other temperature-dependent parameters (e.g., threskange of II; in particular, Il plays an important role in the lightly
voltage), and can determine the importance of Il and TFE @@ped HEMT, while more highly doped devices are dominated

room temperature. Results from two different high temperatureg thermionic field emission and tunneling in the off-state.

show the generality of the technique.

Examining first thel wigh-1) /LG (1ow-1) ratios for the high
ns device, we see that although the ratio exhibits a small
local minimum at|/I¢| = 0.1 mA/mm (due to the observed
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temperature dependence of the threshold voltage, as can be S€§h authors would like to thank P. C. Chao. K. G. Duh. and
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TFE/tunneling behavior throughout the measurement. Thus,
this device appears to be dominated by TFE up to well above
|| = 1 mA/mm. On the other hand, th:(g1,-1) /LG (low-17)
ratios for the lowern, devices follow the TFE/tunneling
behavior up to some reasonably high current value, but then

abruptly begin to rise with increasingc|. This is a clear  [1]
signature of a transition to a region in which Il is contributing

to the gate current. The device with a moderatevalue makes

this transition at/g| = 1 mA/mm; the lown, device diverges  [2]

from TFE at slightly below /| = 0.1 mA/mm.

Comparison of the 290/280 and 320/280 gate current ratiog3]
reveals a slight shift in the location of the onset of Il: Il appears
to become important at slightly lower currents fr= 320 K. 4]
Such behavior is expected, due to the positive temperature de-
pendence of Il. However, even in the low, case, TFE still
may be responsible for a sizable portion of the gate current ats
l{c| = 1 mA/mm: by doing an apparent linear extrapolation
of theT = 320 K low n, two terminal gate-drain diode char-
acteristics in the pre-Il regime, we estimate that Il accounts for
perhaps 30-40% of gate current at breakdown. Such an estimgs]
tion is also supported by examination of the gate current ratio.

The importance of Il in the lowt ; device helps us understand
the change in curvature observed in Fig. 1—in this device, Il be-[7]
comes an important contributor to off-state breakdown at around
7 = 280 K, while in the other two devices, TFE dominates
throughout the temperature range. These results also explain the]
ongoing debate as to the roles of Il and tunneling/TFE in dif-
ferent devices. In the case of high devices, tunneling/TFE
appears to be the only consideration®f 5. Thus, one would
expect highn, devices with different channel compositions but
similar n, values to show similar breakdown voltages [2], [9].
On the other hand, as, is decreased, the relative importance of[11]
Il grows. This illuminates work on lightly doped devices which
showed aBV, g dependence on channel composition and quan[—lz]
tization, as well as signatures of Il in breakdown [3], [6], [12].
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