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Detection of Avalanching in Submicrometer
Field-Effect Devices

MADHU S. GUPTA, SENIOR MEMBER, IEEE

Abstract—In submicrometer field-effect devices, where large electric
“jelds are produced in the channel region under normal biasing condi-
tions, the presence and the onset of avalanching can be detected by the
measurement of the noise power spectrum of the drain current at a
frequency in the UHF range. This technique is illustrated by measure-
ments on GaAs MESFET’s.

1. INTRODUCTION

aAs MESFET’s have continued to reach successively

higher levels of performance over the past 16 years
through numerous improvements in device design. Along with
better buffer layers and reduced parasitics, these devices have
been designed with smaller and smaller gate lengths, and
simultaneously higher doping levels in the channel region, in
an attempt to reach higher cutoff frequencies and lower noise
figures. Devices at the presently reached state of the art are
usable in'the millimeter-wave range at frequencies above 100
GHz [1], and have gate lengths in the range 0.1-0.2 um.

With such small gate lengths, and when the normal drain-to-
source dc bias voltage in the range of 1-3 V is applied, the
electric field reached in the channel of these devices becomes
very large, with a distinct possibility of significant avalanche
ionization taking place in the channel. The device designer
therefore requires a method of determining if a significant
amount of avalanching is indeed occurring in a given device at
a given dc bias, and what is the dc bias required for the onset
of avalanching in the device. The need to establish the
presence of avalanching may also arise in other contexts, e.g.,
in the study of device reliability and failure modes.

The two usual methods of establishing the existence of
avalanching—by dc current-voltage characteristic and by
estimating electric field strength reached—are not definitive
for submicrometer field-effect devices. The dec drain-source
(Ip-Vps) characteristic of the device does not provide a clear
indication of whether or when avalanching is indeed taking
place, because the dc drain current does not quite saturate but
continues to increase with increasing Vpg even in the absence
of avalanching. The positive slope of the Ip-Vpg characteristic
results from the widening of the channel in the velocity
saturation region with increasing drain voltage [2]. The
calculated value of electric field reached in the device is also
not a clear indicator of avalanching, because the static
ionization rate-electric field (a~F) relationship is not applica-
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ble to these devices. Monte-Carlo simulations have shown that
it is the electron energy, and not the strength of electric field,
that governs the likelihood of ionjzation [3].

This letter describes a simple and rapid experimental
method for detecting avalanching in MESFET channels and
other similar semiconductor regions. The method is based on
the measurement of the noise power spectrum of the drain
current at some frequency typically in the UHF or low
microwave frequency range. The variation of this noise
spectral density with dc bias provides an indication of
avalanching. Since the measurements can be carried out at a
low frequency (below the microwave frequency range) the
method can be employed even before the device has been
diced, bonded, and packaged, e.g., at the wafer stage during
the device fabrication process. The theoretical basis of this
method is explained in Section II, and an experimental test of
the method is presented in Section III.

I1. Noise SpecTRUM OF DRAIN CURRENT

There are several potential noise sources in a MESFET that
can influence the power spectrum Sy(f) of the short-circuit
noise current iy accompanying the dc drain current Ip.
Experimental measurements [4], [5] as well as theoretical
considerations [6] show that the noise spectrum is best
understood by dividing the frequency domain into three
regions. At the low-frequency end [4], [5], the noise spectrum
is dominated by 1/f noise and generation-recombination noise,
and is therefore large and frequency dependent. In the mid-
frequency interval, extending typically from 107 or 10%
(depending on the device) to a frequency of the order of 10!!
Hz, the noise spectrum is frequency independent. At still
higher frequencies [6], the noise spectral density decreases due
to effects of finite carrier relaxation time and transit time. In
all of the subsequent discussions in this paper, attention is
confined to this mid-frequency range where the noise spectrum
is white.

In the absence of avalanching, the noise in the drain current
of a MESFET is the diffusion (or velocity fluctuation) noise
due to the hot carriers drifting through the channel. The power
spectral density of this diffusion noise can be expressed [7]-[9]
as a modified thermal noise:

Siu(f)=4kTg, P 1)
where

k  Boltzmann’s constant,
Ty lattice temperature in Kelvin,
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gn transconductance of the MESFET, and
P a factor dependent on the device material, structure,
geometry, and operating conditions.

The factor P can be either experimentally measured [10} or
theoretically calculated [7]-[9]; several different expressions
for this factor are available in the literature [7]-[9], based on
different models constructed to represent the device, and valid
under different conditions. For present purposes, the signifi-
cant result is that P is of the order of unity, and it does not
change appreciably with dc bias in the ‘‘saturation’” region
(above the so-called ‘‘knee’’) of the Ip-Vps characteristic of
the MESFET. The transconductance g,, also does not change
very significantly in this region [10].

When avalanche ionization does take place, both the dc
drain current 7 and the power spectrum S;;( /) will contain a
component due to the avalanche-generated carriers. In GaAs at
room temperature, the ionization rates of electrons and holes
are_ not vastly different [11]. Under such circumstances, the
power spectral density S;, of the avalanche-generated current
can be calculated analytically under some simplifying assump-
tions [12], [13]. It is found that at low frequencies defined by

w < Mr @)

the spectral density S, can be expressed as a modified shot
noise:

 Sulf)=2qlpM> ©)

where

g magnitude of the electronic charge,

Ip primary current causing avalanching,

M current multiplication factor, défined as the ratio of the
total current I, to the primary current /p, and

7 transit time of carriers through the avalanche region..

At higher frequencies, the power spectrum shows a decline
due to finite transit-time effects. This result, and in particular
the cubic dependence of the noise power spectral density on
the multiplication factor, has been experimentally verified
[14], and is a characteristic feature of avalanche noise.

A comparison of (1) and (3) shows that, for a MESFET
biased in the saturation region, the drain noise current has a
power spectral density whose dependence on the dc bias
current is different in the presence and in the absence of
avalanching. In the absence of avalanching, the entire noise is
essentially diffusion noise, and it varies very little with Ip. In
the presence of avalanching, the noise will consist of two
parts: diffusion noise associated with the primary current Ip,
and avalanche noise associated with the avalanche-generated
current Ip — Ip. If Ip is approximately constant (i.e., the
increase of Ip is mostly due to avalanching rather than due to
the nonsaturation mechanism mentioned in Section I), the
diffusion noise will again be essentially independent of I,
while the spectral density of avalanche noise will be a cubic
function of Ip. As a result, the total noise spectral density will
also have the same cubic functional dependence on the drain
current. This distinction is used as an indicator of the onset of
avalanching in the following.
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Fig. 1.

III. ExPERIMENTAL RESULTS

The above test of avalanching was tried on some experimen-
tal GaAs MESFET’s under development. For the sake of
comparison, the results reported here réfer to three different
kinds of devices whose dc Ip— Vs characteristics are shown in
Fig. 1 for a gate bias V55 = 0.

1) Device A has a gate length of approximately 0.1 um and
a channel region doping density Np = 6 x 10¥cm~3. ltisa
state-of-the-art millimeter-wave device with a high gain and
good noise performance at frequencies well above 50 GHz.

2) Device B has a gate length of 0.25 um and a channel
region doping density Np = 10'¥ cm~=3. It is also a state-of-
the-art device with a good gain and a very low noise figure at
microwave frequencies (10-20 GHz).

3) Device C has a gate length of 0.25 um and a channel
region doping density Np = 8 X 10Y7 cm~3, It is a microwave
device with a very high gain (over 10-20 GHz) but poor noise
performance.

The noise current spectrum at the drain-source port, with
the gate-source port short circuited, was measured for each
device using the system shown in Fig. 2. The measuring
equipment is essentially a tuned receiver, having a known
(i.e., separately measured) noise equivalent bandwidth, and a
known input impedance. The spectral density of the short-
circuit drain noise currerit is calculated from the noise power
measured by the receiver. The exact frequency of measure-
ment is not critical. It is only necessary that the frequency be
sufficiently high that the measured noise power is not
influenced by the low-frequency noise sources such as 1/f
noise and generation-recombination noise, and sufficiently
low that the noise power spectrunmi of the diffusion noise as
well as the avalanche noise is white. That these conditions are
met is easily verified by varying the frequency of measurement
to ascertain that the measured noise spectrum is indeed white.

The measured spectra at 1.15 GHz are shown in Fig. 3 for
the three devices as a function of dc bias current, A line of
slope 3 is also drawn in the figure to help identify the bias
range for which the noise power spectrum has a cubic
dependence on bias current. It is clear from the spectra that the
dependence is cubic only for device A at drain currents
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