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Wide gap semiconductors such as GaN and SiC have extremely large values of breakdown fields. Measurements of current—
voltage characteristics of the wide gap semiconductor devices using power electrical pulses can induce damage of the devices
due to Joule heating. In our experiments the 4H-SiC sample and the GaN Gunn diode were placed in series to the transmis-
sion line, and a gauge resistor was used for the determination of incident pulse amplitude, in order to perform measurements
using nanosecond pulses and, by this, to eliminate Joule heating. It is argued that the devices operating at high electric field
(over 50 kV /cm) can be damaged by electrical pulses of nanosecond duration due to overheating which begins at submicron

inhomogeneities during the pulse rise time.
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1. Introduction

The method of measuring the current—voltage (/-V")
characteristics using rectangular electric pulses of nan-
osecond time duration was proposed in 1970 [1]. The
sample was placed at the end of transmission line and
results were obtained by comparing incident and re-
flected pulse amplitudes. Using nanosecond pulses
allows the elimination of relatively slow processes,
mainly Joule heating. Some practical applications of
this method are described in Ref. [2].

Recent progress in wide gap semiconductor (SiC,
GaN) technologies leads to creation of diodes with
blocking voltages as high as 10 kV, metal-semiconduc-
tor field effect transistors (MESFETS), and high elec-
tron mobility transistors (HEMTs) with two-dimen-
sional electron gas channel. Carrier concentration in
the channel is above 103 cm~2 and room temperature
mobility is above 1000 cm? /(V's) [3]. The devices have
to be of micron size and to have structures of nanome-
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tre size in order to operate at high frequencies (10—
100 GHz). During the -V measurements of the de-
vices at high electric fields undesirable processes ap-
pear, such as avalanche breakdown, hot electron trap-
ping, and others, having times constants of order of
nanoseconds [4, 5]. This leads to changing nanosecond
pulse plateau with time, and therefore the dynamics of
the device damage, induced by the power nanosecond
pulse, becomes visible. Other investigators also indi-
cate on possible weakening of the materials’ parame-
ters after the real devices have been made [6]. In order
to obtain the /-V results of GaN diode at over 150 V
the authors of [7] have used a conical shape of the diode
and n"-GaN substrate of 300 um thickness.

In this work we introduce experimental results ob-
tained during the /-1 measurements of gateless 4H-SiC
channel layers for MESFETs and GaN vertical diode
structure, fabricated to demonstrate negative differen-
tial resistance at high electric fields. -V measure-
ments were performed at modified nanosecond pulsed
system. The reasons are analysed why the device degra-
dation occurs at high electric fields.
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Fig. 1. Schematic diagram of the experimental set-up. / is a nanosecond pulse generator, 2 power attenuator, 3 wide band switch, 4 gauge
resistor, 5 device under test, 6 attenuators, 7 delay line, § synchronization, 9 sampling oscilloscope.

2. Experimental technique

A schematic diagram of the experimental set-up is
shown in Fig. 1. It consists of a nanosecond pulse
generator in which the pulse duration depends on the
charged line length (/), power attenuator (2), high volt-
age wideband switch (3), variable super high frequency
gauge resistor (4), device under test (DUT) (5), thin film
attenuator (6), delay line (70 ns) having transient re-
sponse 100 ps (7), synchronization (8), and a 2-channel
sampling oscilloscope (9).

In our /-V measurements the DUT 5 is placed in a
break in the transmission line and a gauge resistor 4 in
the second channel is used to obtain the incident pulse
amplitude. The two regimes are realized by switch 3.
After the generator / charged line discharges through
the mercury-wetted relay or spark gap, the electric pulse
attenuated by attenuator 2 reaches the DUT and through
fixed thin film attenuators 6 and the delay line 7 is trans-
mitted to the input of a 0-5 GHz bandwidth memo-
rized sampling oscilloscope. The electrical circuit is
described by a simple lumped equivalent circuit, con-
sisting of three resistors connected in series: the inter-
nal resistance of the generator (50 €2), the sample re-
sistance, and the oscilloscope input resistance (50 £2).
Therefore the current through the sample I is equal to
Uosc /50 A, where Ul is the registered voltage of the
transmitted pulse amplitude, and the voltage drop U
through the sample is equal to 2(Uy — Uyge) V, where Uy
is the incident pulse amplitude. The measurements can
be performed when the DUT resistance is much higher
than 50 €2 wave resistance of the transmission lines.

3. Gateless 4H-SiC channel layer for MESFETSs

The wafer where the channels were fabricated con-
sisted of semi-insulating 4H-SiC substrate, a p-type
buffer layer (n < 5-10'% cm™3), and n-type channel
layer 0.175 pm thick. The samples have width w of
100 pm and length L of 4 pm. They have a sheet resis-
tance R, of 5940 §2/0J and a low-field electron mobil-
ity of ~300 cm?/(Vs). The sample resistance then is
R = Ry- L/w. Transmitted pulse oscillograms through
the channel at high electric fields are shown in Fig. 2.
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Fig. 2. Pulse oscillograms transmitted through the 4H-SiC channel
layer. / at 144V, 2 at 184 V, 3 at 194 V. Dashed line is the incident
pulse form. Dotted line indicates time moment corresponding to
steep I-V. Deflection factor is 0.2 V/div., sweep range 0.5 ns/div.

The results are calculated to the time moment indicated
by dotted line (see Fig. 2) and show steep I-V (194 V
and 0.375 A for maximal value), while results calcu-
lated at 0.75 ns indicates saturated /-1 with current of
about 0.1 A and voltage drop of 138 V. The appearance
of the hump in the transmitted pulse compared with
unchanged incident pulse form (dashed line in Fig. 2)
indicates the increase of the current. This means that
there exist a family of -V characteristics at different
time moments. As an example, two I-V characteris-
tics, different at high electric fields, are presented in
[4]. For comparison, other authors reported on satu-
rated /-V characteristics measured in 4H- and 6H-SiC
up to 300 kV /cm [8]. Using the model of a homoge-
neous voltage and current distribution across the chan-
nel one can obtain the average electric field strength of
345 kV/cm, for a current density of 5.7-10° A/cm?,
and for an electric field strength of 485 kV /cm the cur-
rent density is 2.14-105 A /cm? in respective cases of
saturated and steep I-V characteristics. Both the elec-
tric field and current density are too high and the model
of homogeneous voltage and current distribution across
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Fig. 3. Schematic diagram of the vertical GaN Gunn diode.
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Fig. 4. I-V characteristic of the vertical GaN diode. Incident pulse
duration is 4 ns.

the channel hardly describes the real situation, therefore
other models must be used to clarify the current growth

[4].

4. Vertical GaN Gunn diode

A schematic diagram of the Gunn diode is shown
in Fig. 3. The GaN multilayer was grown on 6H-SiC
substrate using metal oxide chemical vapour deposi-
tion technology. It consists of (starting from Ti/Al
contact) GaN n*-doped with Si (2.6-10'® cm™3), GaN
notch n~-doped with Si (2- 10'5 cm™3), GaN transit re-
gion n-doped with Si (1-10'7 cm™3, L = 5 ym), and
again GaN n*-doped with Si (2.6-10'® cm™3). Some
increased contact resistance was observed during mea-
surements and the total Gunn diode resistance was mea-
sured to be 18 ). The I-V characteristic of the Gunn
diode obtained with 4 ns time duration pulses is shown
in Fig. 4. It is known that N-type negative differ-
ential resistance appears in n-doped GaN at electric
field strength of ~150 kV/cm. However, as it is seen

from Fig. 4, some undesirable features are observed at
fields above ~50 kV /cm (25 V) and above ~70kV /cm
(35 V). S-type negative differential resistance is caused
mainly due to current filaments. The situation becomes
uncontrollable, leading to the soft Gunn diode damage.
The ratio of structure diameter to multilayer thickness —
which is equal to 76 —is very large. The similar experi-
ments are described in [5], but values of the ratio lie be-
tween 4 and 8. Early breakdown of vertical GaN diode
structure was observed too and was explained by small
spacing (2.2 pum) of transit region and, additionally, by
imperfect contact adhesion.

5. Discussion of results

Pulse shortening up to durations of order of ns re-
duces Joule heating of the 4H-SiC channel layer. Con-
sidering pulse duration £ = 1 ns as a short dc pulse one
can analyse the channel heating conditions at high elec-
tric fields. Using an adiabatic approximation and a ho-
mogeneous current distribution, when pulse power P
dissipated in the channel, then Joule heat ) = Pt =
C pV AT, we estimate that the channel heating just be-
fore the damage (F =345kV /cm, I =0.1 A) results in
an increase of the temperature A7 of about 45 K (V' is
the channel volume, 4H-SiC parameters: density p =
3210 kg/m?, heat capacitance C' = 1350 J/(kg K)).
Taking into account thermal diffusion in the substrate
atdepth [, [> = D t, with D being the thermal diffusiv-
ity D = A\/(pC), results in effective thickness increase
of [ = 0.276 um and one can obtain the smaller channel
temperature increase — 19 K, where A = 330 W/(kg K)
has been used. 4H-SiC semiconductor thermal conduc-
tivity values A lie in the range of 330-500 W /(m K).
This temperature increase cannot induce damage effects
in the channel.

Analysis of microscope images of irreversibly dam-
aged GaN diodes [5], thin film attenuators, and the
[I-type high-temperature superconductor microstrips
during the transition from superconducting to normal
state [9] indicate a local character of the breakdowns in-
duced by power nanosecond pulses. These breakdowns
begin mainly at point areas of contact/thin film inter-
face, places of high electric field concentration, defects
in the channel, etc. Initial existence of such point areas
leads to inhomogeneous fields and current distribution.
We could also consider the known model with inhomo-
geneous current distribution through the cross-section
when the ns pulse is considered as a short ac pulse. In
this model the effective frequency of the pulse is equal
to 1/t and, therefore, the skin effect must be taken into
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account during heating effects estimations. However,
in our case the sample dimensions are small and skin
effect is not observable.

We assume that the real danger comes from the fast
rising pulse front, the spectrum of which contains a high
frequency part. The short pulses must have a fast pulse
rise time. Alternating magnetic and electric fields inten-
sify the electric field and current non-uniformity. The
local electric field and current concentration lead to a
local heating at the submicron size areas during the rise
time 7. During 7% (0.5 ns, A is equal to 500 W/(kg K)
for n-doped 4H-SiC) heat from a point defect at the con-
tact diffuses into semi-sphere of radius 0.24 pm, which
means that the channel is locally heated up through the
whole thickness of 0.175 pm. There will be heated
spots of the same radius at the defects in the channel.
After the front rise time the pulse that creates high elec-
tric field will continue to heat up these heated spots with
further broadening of their diameters. Existence of such
points in the channel induces an inhomogeneous cur-
rent distribution and also possible thermally activated
impact ionization or Poole—Frenkel electron emission,
which causes damage of the device.

In the case of the Gunn diode (capacitor-like ge-
ometry) the electric field concentrates at spikes, which
causes an inhomogeneous current distribution and, there-
fore, dissipated power. Using the thermal diffusion
length formula [> = D7y, in GaN, one can obtain
that heated spot radius is equal to [ = 0.163 um
during the pulse rise time for the following GaN pa-
rameters: density p = 6090 kg/m?, heat capacitance
C = 400 J/(kgK), and thermal conductivity A\ =
130 W/(mK). In this case there is a high probabil-
ity of formation of a heated spot pair between the up-
per contact and 6H-SiC plane (see Fig. 3). During the
subsequent heating up by the flat part of the high volt-
age pulse, paths with increased current density will be
formed through the diode 5 um transit layer between
the pairs. Most probably, this causes earlier damage
of the vertical Gunn diode structure with high ratio of
the diameter to multilayer thickness. The appearance of
the effect is independent of whether a single pulse or a
series of pulses has been used during the /- measure-
ments.

6. Conclusions

A modified method was used to provide the I-V
measurements in nanosecond time scale. Model of ho-
mogeneous current distribution trough a cross-section

of the device does not allow one to explain the degra-
dation of the devices at high electric fields because
of small temperature increase. Model on the non-
homogeneous current distribution due to skin effect
cannot be applied to explain the degradation effects be-
cause of small dimensions of the devices. Thus, we
conclude that the fast rising pulses of nanosecond du-
ration creating the fields higher than 50 kV /cm do not
cause the temperature rise of the whole device volume
(Joule heating), but become dangerous due to develop-
ment of overheating, which begins by heating of submi-
cron inhomogeneities during the subnanosecond pulse
rise time.
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Santrauka

Placiajuosciy puslaidininkiy, tokiy kaip GaN ir SiC, pramusimo
lauky vertés yra didelés. Jei matuojant §iy placiajuosCiy puslaidi-
ninkiniy prietaisy voltamperines charakteristikas naudojami galingi
impulsai, prietaisai gali buti suardyti dél DZaulio Silumos iSsisky-
rimo. Musy eksperimentuose 4H-SiC bandinys ir GaN Gano diodas
buvo patalpinti nuosekliai perdavimo linijoje, o etaloninis rezisto-

rius naudotas krintanc¢io impulso amplitudei nustatyti. Sis pagerin-
tas badas leidZia atlikti matavimus nanosekundZiy trukmeés impul-
sais ir tuo budu iSvengti DZaulio kaitimo. Sie prietaisai, veikiantys
stipriuose elektriniuose laukuose (vir§ 50kV /cm), gali buti suardyti
del trumpy elektriniy impulsy sukelto lokalaus perkaitimo, kuris
prasideda submikroniniy matmeny nehomogeniskumuose impulso
fronto veikos metu.



