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Abstract

Despite their potential in the field of power electronics, many reliability issues still affect the electrical
performance of Gallium Nitride HEMT power devices and require an effort of analysis and understanding. The
characterization of the on-state resistance of this transistor is necessary to understand the dynamics of some
phenomena such as trapping. The degradation of this resistance has always been related to traps in the 2DEG
channel, without taking into consideration possible contributions from the source and drain contacts
(metal/semiconductor). In this work, resistance measurements, with and without UV illumination, are performed
on three different technological options to highlight the effect of illumination on contact resistances.
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1. Introduction

Gallium Nitride (GaN) high electron mobility
transistors (HEMTS) are very promising devices for
power applications thanks to the excellent properties
of GaN (high critical electric field, high electron
mobility and density in the 2DEG and high maximal
operation temperature) that would allow to obtain
high voltage, high temperature, high frequency and
low losses power switches [1].

However, some phenomena remain not perfectly
understood, like the trapping problems that affect the
dynamic on-resistance of the component in the on-
state and still require an effort of analysis and
understanding. These trapping phenomena can be
revealed by light or electrical excitation [2]. It has
been shown that under UV illumination the
conductivity of 2DEG in AIGaN/GaN HEMTs
increases and a change in the drain current can be
observed depending on the illumination. Several
studies [3, 4] have linked the increase in 2DEG
channel conductance to the change in state of charge
at the surface level. Other studies [4, 5] have
considered the absorption in the GaN buffer layer,
but the photo-generated hole transport mechanisms

in this region are not explained. In addition, it has
been shown that the absorption of UV photons
having energy higher than the bandgap of the AlGaN
and the resulting gain is due to the generation of
"photovoltages" (electron-hole separation) between
the surface and the channel and the buffer/substrate
interface and the channel [6].

To our knowledge, all the published papers,
which deal with the dynamic on-state resistance,
explain the effect by considering only the channel
resistance, i.e. the resistance of the two-dimensional
electron gas (2DEG) located in the GaN layer, in the
vicinity of the AlGaN/GaN interface, neglecting the
effect of the source and drain (S/D) contact
resistances that is however a significant contribution
to the total device resistance. In this work, we
studied the phenomena of on-resistance variation
under UV excitation while considering both the
resistance of the 2DEG channel and the source and
drain contacts. Practically, the main objective of this
work is not to study the dynamics of on-state
resistance, but to disentangle the possible
contribution of the contact region and the 2DEG
region. To do this, we propose here a new
Transmission Line Measurement (TLM) method to



characterize the S/D contacts contribution.

We present the principles of our new Electro-
Optical TLM (EO-TLM) method as well as the
method of extraction of the contact resistance from
the electrical characterization. Resistance
measurements were performed in the dark and under
UV illumination considering three different
technological options.

2. Characterization of the contacts using the TLM
method

The classical TLM method is a technique used
to determine the contact resistance between a metal
and a semiconductor [7]. Figure 1 schematizes an
isolated TLM test pattern. This pattern is composed
of several metal/semiconductor contacts of same
dimensions, separated by different distances.
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Fig. 1. Schematic section of a TLM characterization
pattern and modelling of measured resistance between two
consecutive contacts.
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Figure 1 also shows the modelling of the
resistance measured between two consecutive
contacts. It can be considered that the total measured
resistance (Rt) is the sum of the resistances of the
two contacts (expected equal and noted Rc) and the
resistance of the 2DEG channel confined between
the two semiconductors (Rsw) (see Eq. 1).

Rr = (Rsu/W)*Li +2Rc (1)
3. Choice of the used wavelength

The central wavelength of the UV LED used is
393 nm (corresponding to 3.16 eV photon energy).
The full-width half-maximum (FWHM) of the LED
is 13 nm. Figure 2 presents the emission spectrum of
this LED and shows that the corresponding photon
energy is lower than the bandgap energy of GaN,
SiN and AIN (respectively in red, purple and green
on Fig. 2). The used light therefore only affects the
traps present in these materials and does not allow
the direct generation of electron-hole pairs. As a
consequence, we can obtain information related to
the trap related phenomena of dynamic on-resistance
that GaN HEMTSs structures suffer from.
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Fig. 2. Emission spectrum of the UV LED light used
(blue), corresponding bandgap energy of: GaN (red), AIN
(green), SisNa4 (purple).
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Fig. 3. Variations in the measured resistance as a function
of time at several wavelengths. Ro represents value of the
resistance in the dark. Vtum = 200 mV, T = 25 °C, under
an irradiance of few uW/cm2,

The device under test was also exposed to a
white lamp associated to a monochromator (with a
10 nm FWHM). The evolution of the resistance as a
function of time after illumination-start for different
wavelengths is shown in Figure 3. Light is turned-on
at t = 10 s. We can see a decrease in the resistance
value even with wavelengths higher than 393 nm
(i.e. lower photon energy).

In addition, the refractive index of silicon is
equal to 5.91 for a wavelength of 393 nm [8]. This
index is less important for the other layers (2.1, 2.25
and 2.6 respectively for SiN, AIN and GaN) [9 — 11].
A simple calculation, using Fresnel’s equation (see
Eq. 2), allows us to find that 16% of the light power
at the transition layer/substrate interface will be
reflected, with an incident angle 6; = 0.01°. These
reflected rays can reach the bottom of the contacts.
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Furthermore, it can be assumed that the
phenomena that lead to the resistance reduction are
not related to the Si substrate layer. Indeed, in silicon
that is a relatively low bandgap material, all photons
are absorbed at the considered wavelengths and, as
the irradiance actually increases with increasing
wavelength in this setup, if the decrease in the
resistance was related to the Si substrate the
resistance should decrease even further for
increasing wavelength. However, this is precisely the
opposite that is observed. So the phenomena related
to the resistance variation are assumed to take place
in the layers of the wide bandgap materials.

4. Extraction of the contact resistance

In the first subsection, the differences between
the measured samples will be shown. In the second
one, we will present the principle of the extraction of
contact resistance based on the EO-TLM method.
Measurement results will then be detailed in the third
subsection. The last subsection is dedicated to the
comparison of the results obtained on three different
technological options.

4.1 Devices description
Three samples of each technological option were

measured. Figure 4 shows the difference between
these technological options.
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Fig. 4. Schematic illustrating the difference between the
three technological options used in the study.

4.2. Extraction method

The application of a voltage between two
consecutive  TLM-structure contacts and the
measurement of the resulting current allow
calculating the resistance between these two contacts
(while the silicon substrate is connected to the
ground). This resistance must be extracted in the
linear zone (non-saturated, i.e. where mobility is
independent on the electric field) of the
corresponding current-voltage (I-V) characteristic.
Furthermore, for our EO-TLM method, the applied
voltage must be chosen in the linear part of the |-V
characteristic for all TLM distances. Figure 5
presents I-V characteristics of three samples with
different technological options. The voltage used in
the following measurements is 500 mV.

100
80
1
= 60 ¢
E
T 40
—— Technological Option A
204 Technological Option B
—— Technological Option C
—-- Used Voltage
] T T T T
0.0 05 10 2.0 3.0 4.0 5.0
Vrim [V]

Fig. 5. I-V characteristics for three samples of each
technological options, at T = 25 °C, Li=4 um. The
selected voltage is 500 mV for all following measurements
(dashed red line).
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Fig. 6. 1(t) curve used to calculate the two resistances in
the dark (green bar) and under UV illumination (red bar)
under an irradiance of few mW/cm?, at T = 25 °C,
V1m =500 mV, Li= 16 pm.

Figure 6 shows an example of variation of the
current measured as a function of time before, during



and after illumination. In addition, this figure shows
the parts of the curve used to extract the values of the
two resistors, in the dark and under illumination, for
a given distance Li. The sample was globally
exposed from the top to UV illumination for 50 s
(fromt=60stot=1105s). Itis necessary to wait for
a sufficient long time (several hundred to a few
thousand seconds), before starting the data extraction
(coloured regions) so that the current is perfectly
stable. Waiting for the current to stabilize is a
critical point to obtain proper results.

4.3. Measurement results
Figure 7-a shows the results of the extraction of
the resistances obtained with three TLM samples of

technological batch A, with an applied voltage of
500 mV.
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Fig. 7-a. R(L) characteristics extracted, for 3 samples with
the technological option A, Vtum =500 mV, T = 25 °C.
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Fig. 7-b. R(L) characteristics extracted, with a sample from
the technological option A, ItLm =20 mA, T = 25 °C.

The orange and blue dots represent the total
resistances for the different distances, extracted in
the dark and under illumination respectively. The
green and red lines correspond to the linear
adjustment of the orange and blue dots respectively.
The extension of the two lines obtained thus makes it
possible to determine the resistance between two
contacts separated by a zero distance (Li = 0). The
two values are halved in order to obtain the
resistance of a single contact.

Using an identical voltage for all TLM-
resistance distances leads to the fact that the lateral
electric field is actually decreasing with increasing
distance. To keep the same electric field for all the
distances of the TLM structure, a test with a current
source has been carried out. In this configuration, the
voltage across each resistance is measured, keeping
the same precautions as for current measurement
especially regarding voltage stabilisation. Figure 7-b
shows the results obtained with an applied current of
20 mA. The same behaviour was observed for



constant-voltage and constant-current measurement
configurations.

We carried out the same measurements on a
structure with technological option B (change of
epitaxy and the manufacturing process) (see Figure
4). A representation of the values of the resistances
measured as a function of the distance between the
electrodes is presented in Figure 8.
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Fig. 8. R(L) characteristics extracted, for 3 samples with
the technological option B, V1Lm =500 mV, T =25 °C.

4.4. Comparison of the three technological options

The results obtained with the three technological
options are compared and discussed in the two
following subsections.

4.4.1. Comparison between A and B

The histogram of Figure 9 summarizes the
values of the contact resistances, extracted from the
R(L) characteristics of the different structures, with
and without illumination, for three samples of each
technological option.

With the technological option A, we note that
the difference between the values of the contact
resistances, with and without illumination, is
ARc =12 + 4 %. This difference is much larger than
that obtained with the technological option B
(ARc = 0.9 £ 0.2%), for which the effect of the UV is
negligible on Rc.
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Fig. 9. Histogram showing the values of R¢, with and
without illumination for the 6 samples of technologies A
and B: with technological option A, ARc appears to be
more much larger than that obtained with the technological
option B.

4.4.2. Comparison between A, B and C

To identify the parameter influencing the
variability of the contact resistance under
illumination, we carried out the same measurements
on a third technological batch (technological option
C). This batch was manufactured using the same
technological process as the batch B and with a same
epitaxial run as the batch A (see Figure 4). The
histogram of Figure 10 compares the values of the
contact resistances, with and without illumination,
for the three technological options.

We can notice that the tested samples coming
from the technological option C have the same
behaviour as those of A. So by changing the
technological process, the effect of UV on Rc is



always the same (ARc = 11.5 £ 2 %). We can deduce
that the illumination effect on the contact resistance
is most probably related to the epitaxy.

It is striking to note that the percentage of the
contribution of the contact resistance variation to the
total resistance is between 20% and 40%. Table 1
summarizes the contact resistance values extracted
from the R (L) characteristics of all the tested
samples. The ratio between the variations of the two
contact resistances (A2Rc) and the total measured
resistance (ARry), for the samples of technological
options that are sensitive to illumination, for
Li = 16 pum, is shown in the right column. This L; is
representative of a source/drain distance required for
a 600 V HEMT.
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Fig. 10. Histogram showing the values of Rc, with and
without illumination for some samples of technologies A,
B and C: the samples of technological option C exhibit the
same behaviour as those of technological option A in terms

of ARc..

Tablel

Contact resistance values obtained from the R(L)
characteristics of the three technological options. Right
column shows the ratio between the variations of the two
contact resistances and the total resistance.

2Rc_uv | 2Rc_dark | A2Rc | A2Rc/ARt
sample | (@ | @ | @ | %)
Li=16 pum
Al 19.69 21.81 2.12 35.8
A2 29.56 24.77 4.79 41
A3 13.91 15.2 1.29 20.8
B1 20.12 20.26 0.14 NA
B2 13.83 14.2 0.37 NA
B3 21.05 21.22 0.17 NA
C1 19.2 21.67 2.47 26
C2 17.97 20.75 2.78 21.5
C3 19.15 21.4 2.25 22.3

5. Conclusion

The influence of UV illumination on
metal/semiconductor contact resistances on GaN
HEMT structures has been observed through the
careful extraction of wvalues from electrical
measurement. The observed effect is more or less
pronounced depending on the technology,
demonstrating that the contact resistance is more or
less sensitive to UV illumination. In worst cases, it is
observed that from 20% up to 40% of the total
resistance variation under illumination can be
attributed to the contact resistance variation.

These results suggest that the dynamics of on-
state resistance may be due not only to phenomena in
the 2DEG channel but also to phenomena at the
source and drain contacts. Therefore, it might be
wise to verify the contribution of contacts using the
method proposed here to ensure that an observed
dynamic Ron behaviour could be only related to
physical effects affecting the 2DEG.

Finally, the measurement methodology proposed
here is also interesting to detect process issues while
being able to identify whether the problem is related
to the contacts regions or the 2DEG channel.

As a perspective, the new proposed method
gives also access to the dynamic evolution of the
resistance after illumination is turned-on and after
illumination is turned-off and possibly as a function
of temperature and illumination wavelength. Proper
treatment and analysis of this type of information is
currently under investigation.
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