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TRAPPING AND MEMORY EFFECTS

High Electron Mobility Transistors (HEMT) using wide band gap semiconductors have proved to be a
prime candidate for the development of a number of RF applications and notably high-Power Amplifiers
(PA) for telecommunications, due to their high breakdown voltage, high cut-off frequency and high
temperature capabilities. However, they are still subject to parasitic effects such as thermal effects and
trapping effects.

THERMAL EFFECTS

Apart from ambient temperature, transistors designed for high power densities generate heat as a
byproduct of current flowing in and out at the junctions known as “self-heating”. Under DC operation,
the transistor channel heats up uniformly. At low drain voltage levels or in the case of modulated
information (RF) signal there is an opportunity for transistor to cool down, but these cooling periods
constitute only a small percentage of the entire cycle. Due to this change in temperature the transistor
parameters and response will be slightly different, and the transistor response exhibits memory of the
previous signal. A close analysis of the HEMT device behavior shows that its electrical behavior is highly
correlated to channel temperature variation. Physical quantities such as energy band gap, carrier mobility,
drift velocity, thermal conductivity, and the free carrier density are all temperature dependent. The high
power that is dissipated in the active components increases temperature of the bulk material and this
affects the mobility of carriers in the channel and reduces the diffusion coefficient thus decreasing the
flow of current.

TRAPING EFFECTS

The temperature is not the only physical characteristic that can give rise to dispersion effects. Trapping
effects in semiconductor materials are also responsible for short and long-term memory effects. These
trapping effects can result from material defects, dislocations, lattice mismatch, impurities in the crystal
lattice and existence of dangling bond on the surface of transistors that act as trap centers for charge
carriers flowing in conduction channel and causes current collapse. Traps are the energy levels presented
between the energy band gap of semiconductor materials. From an electrical point of view, these traps
are responsible for electrical anomalies such as current collapse, difference between static and dynamic
trans-conductance and frequency dispersion of the output conductance. These traps correspond to the
delayed response of the current associated with gate and drain control voltages, respectively. These
trapping effects have been extensively studied using a number of techniques such as pulsed
measurements, load-pull measurements as well as frequency dispersion measurements, but every
characterization setup is based on speculations and assumptions.

CHARACTERIZATION OF TRAPPING EFFECTS

This trapping phenomenon in WBG semiconductors particularly Gallium Nitride (GaN) is not completely
understood in spite of considerable research effort that has been directed toward identification and
elimination of the traps. The majority of these studies provide only qualitative and often contradicting
explanations of the trapping phenomena. [ref: Pulsed characterization of trapping dynamics in
AlGaN/GaN HEMTs). This contradiction is largely related to the diversity of the trapping effects in GaN
and varying material quality. The presence of electronic traps in GaN-based transistors limits device
performance and reliability. It is believed that material defects and electronic states on GaN surface act
as the trapping centers.
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PIV CHARACTERIZATION

The I-V measurement is used as a tool to determine and understand the basic parameters of a device
within an electronic circuit. The |-V characteristics where |-V stands for current and Voltage is the
relationship between the current flowing in a circuit when voltage is applied across its terminals. Some
key properties of electronic devices can be extracted from the shape and details of the curve, which
enable deep insight into their operation. The IV characterization can be performed in DC or Pulsed
conditions. In DC I-V measurements a series of continuous voltages, varied over time is applied to the
device and at each voltage, the current flowing through the device is measured.

Pulsed IV characterization is similar process as implemented in DC analyses and produces similar curves
for drain current when gate and drain voltage levels are stepped over time but acquired under isothermal
conditions (pulsed) at a given quiescent point defined by its quiescent control voltages. This means the
base of the pulses have a non-zero value for both gate and drain voltage, often referred to as the
operating point or quiescent (q) point.

Data Viewer a

Edit View Legends Tools Bxport
RFMD_VgsQ0_NQ-4to-1.6_VdQ... X
NView X
Id_NQ(mA) vs Vd_NQ(V)

Current 14.NQ(mA)
RFMD_VgsQ0_NQ-4to-1.6_VdQO0_NQOto50_rep
4V: 0.542mA

[@','

[
M-36
M-34
™
™
[
¥
W -2.4
o
o
]
o

Voltage

Fig. 1 Pulsed IV characterization
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Fig. 2 Pulse Profile

For accurate pulsed characterization short pulse length should be used to provide IV measurements in
isothermal and isodynamic conditions. The duration of pulse period should be larger than pulse width
to make sure the device should return to its steady state conditions after each measurement pulse. This
eliminates self-heating and traps to some level.

AURIGA AUS

Auriga PIV system is a full featured characterization platform that can do both DC and pulsed IV
characterization. The pulser head circuitry due to its low profile can be moved closer to the DUT, which helps
to preserves the integrity of the pulsed signal by reducing the effects of the transmission lines on the
measurements. The external pulser heads are interchangeable and available in different configurations from
20V - 100mA to 2000V - 100A.

Fig.3 Auriga PIV setup

TRISTATE PIV CHARACTERIZATION

With the available characterization tools particularly PIV characterization the control of quiescent bias
points is often used when characterizing trapping effects. Control of these quiescent parameters in a
Pulsed I-V characterizations enables to determine the electrons emission times related to each region in
I-V network. The two main trapping effect characterization terms are referred to as drain lag and gate
lag phenomenon. The first term gate lag describes trapping effects which are triggered by the gate
voltage variations creating the delayed response of the drain current. Similarly, the drain lag is the
delayed response of the drain current during drain voltage variations. The goal of all these
characterizations is to develop a compact model which should sufficiently describe the behavior of all
these dispersion affects. However, all these affects cannot not be fully characterized by the standard
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pulsed IV and pulsed S-parameter measurements. This insufficiency of information plays a crucial role in
the large signal model’s performance for typical microwave applications. For these GaN devices due to
the asymmetry in the time constants associated with capture and release of charges in “traps,” a
conventional pulsed characterization is not sufficient in order to keep both the thermal and trapping
state fixed. In particular, owing to the fast-capturing time constants, the trapping state seems to be
dependent not only on the bias voltages, but instead, also on the peak values of the instantaneous
voltages. In particular, when drain voltage pulses with peak amplitude greater than the quiescent voltage
are applied, the state of traps changes due to the fast-capturing time constants. [ref]

To keep the trap state constant for a conventional PIV characterization a tri-state control of the standard
pulses is developed where both at the gate and drain side a third state is excited just before the main
pulse which acts as a pre-pulse. The pre-pulse is a non-overlapping pulse and is fully user controllable in
terms of timing and voltage settings. The user independently can apply this voltage pre-pulse to impose
a fixed directly controllable trap state.

.......

Fig. 18 Tristate PIV characterization

The Pre-State is a short high voltage pulse used to activate the traps in the semiconductor. This short
high voltage pre-pulse with no current flow pre-conditions the state of charges trapped at layer interface.
Under these conditions of tristate excitation both thermal and charge trapping states are kept constant
and hence it can be said that measurements are conducted in both iso thermal and isodynamic states.
The width of the pre-pulse, Quiescent and Non-Quiescent voltages state together with the parameters
of main pulse are all independently adjustable. The user can adjust the delay (At) between the two pulses
(Pre-State and On-State) down to Os. All timing settings of the TRI-State Gate Pulser and Drain Pulser are

independently adjustable.
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Fig. 19 Auriga Tristate PIV characterization system
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Traditional Auriga Pulsed IV systems are comprised of two pairs of power supplies used for the Quiescent
and Non-Quiescent states. For the tristate option the system now includes a third pair of power supplies
allowing the user to create a Pre-Pulse state.

Specifications TPHG20 TPHG100 TPHD220-2 TPHD220-10 TPHD220-30
Max Voltage +20V +100V 220V 20V 220V
Max Current Pulsed +01A £2A 2A 0A 0A
Max Current pre-pulse +01A +2A 2A 2A 2A
Max Error * 0.1% 0% 800 uA £01% £3mA 02 % 0.01%
Max Power 2w W HOW 1000 W 1000 W
Min Pulse Width 200 ns 200 ns 200 ns 500 ns 500 ns
. 80 KHz (V < 220 V) 20 KHz (V < 220 V) 20 KHz (V < 220V)
"‘g:“ﬁ:;f’%’;';;‘“ 310 KHz (V <20 V) 310 KHz (V < 100 V) 155 KHz (V < 160 V) 70 KHz (V < 110 V) 70 KHz (V < 110 V)
quency 310 KHz (V < 110 V) 220 KHz (V < 60 V) 220 KHz (V < 60 V)
5%(<2A) 5%(1=24) 1% (1 <10 A) 1% (1< 30 A)
Max Duty Cycle 100% (1< 0.1 A) B/UN<15A) /UN=154) 50% (1< 5A) 50%(1=54)
0% (1 < 0.75 A) 70 % (1 < 0.75 &) B0 % (1< 25A) BO% (1< 25A)
Min Output Rise/Fall** 23ns@20V 26 ns @100V 36ns @220V 80 ns @ 220 V 80ns @ 220 V
Test Port Connector BNC (f) BNC (f) BNC (f) BNC (f) BNC ()

* Current reading in the software
** Tested with no load

Available IV ratings for the tristate Auriga Pulser heads

COMPATABILITY WITH FOCUS AND AURIGA PRODUCTS

The tri state PIV system is fully compatible with standard Auriga Software. It can be used to perform
standard Pulsed S-parameters in a single pulse or a tri state mode. TPIV is also fully compatible with
Focus Device characterization suite to perform pulsed load pull measurements. FDCS fully controls the
TPIV system during the loadpull characterization. Auriga system also offers option to accept external
trigger which is essential, when performing thermal imaging.

TRI-STATE PULSED IV MEASURMENTS

To demonstrate the tri-state puled IV capability standard and tristate pulsed IV characterization was
performed on a 10W Cree GaN HEMT device. Measurements were performed on a 50 Ohms test fixture.
The device was biased using bias tees where the load was terminated to 500hms.

The gate pulse width was set at 1us while the drain pulse was set at 0.9us with a trigger delay of 2us and
2.05us respectively. A pair of quiescent gate voltages was selected on a constant isothermal point.
MEASUREMENT CONDITION # 1

The first measurement was made in a cold state where the drain quiescent states were kept at 0 V and
the standard PIV characteristics were noticed. As seen in figure 20 these IV curves represent no current
dispersion at all in the knee and saturated region. In figure 21 the time domain PIV waveform can be
seen where only main pulse was swept for both non-quiescent gate and drain voltages.

1) No pre pulse, two different VGq=-2.7V & -2.9V
VGq=-2.68V & -2.9V: VGnq=-3.4 to -1V step 0.2V
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Fig. 21 standard PIV waveform with no Pre-Pulse & VDqo= 0V

2) With pre pulse, two different VGq=-2.7V & -2.9V
VGq=-2.68V & -2.9V: VGnq=-3.4 to -1 V step 0.2V
VDqg= 0V: VGng =0 to 50 V step 2V

In second case all measurement conditions were kept similar while a pre-pulse with a drain voltage of
60V and gate voltage of -4V (pinch off) was applied. The At for the main pulse and the pre pulse was kept
at Os while the width for the pre-pulse was chosen as 200ns. In figure 22 it is clearly noticed that the
maximum drain current has significantly reduced while the knee walkout is also noticed. This knee walk
out is due to the effect of the trap state set by the pre-pulse. Figure 23 represents the time domain
waveform of the pre-pulse and main-pulse state.
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Fig. 22 PIV characteristics @ VDq= 0V with Pre-Pulse

Scope Chart

Fig. 23 standard PIV waveform with Pre-Pulse & VDq= 0V

MEASUREMENT CONDITION # 2

For the same device measurements were repeated but with a quiescent drain voltage of 28V was
applied for all cases.

1) No pre pulse, two different VGq=-2.7V & -2.9V
VGq=-2.68V & -2.9V: VGnq=-3.4 to -1 V step 0.2V
VDq= 28V: VGnq =0 to 50 V step 2V
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Fig. 24 PIV characteristics @ VDq= 28V without Pre-Pulse

Under these conditions clearly on top of knee walkout a current collapse at quiescent drain voltage is
noticed for all gate non-quiescent voltages.

Scope Chart

14 5916505

Fig. 25 standard PIV waveform with no Pre-Pulse & VDq= 28V
2) With pre pulse, two different VGq=-2.7V & -2.9V
VGq=-2.68V & -2.9V: VGng=-3.4 t0 -1V step 0.2V
VDq= 28V: VGnq =0 to 50 V step 2V
VDna=pre-pulse=60V

1d_NQ(mA) vs Vd_NQ(V)

Id_NQ(mA)

Fig. 26 PIV characteristics @ VDq= 28V with Pre-Pulse

Under a pre-pulse excitation of 60V it is noticed that the current collapse at drain current was no more
observed. For the two quiescent states of the gate voltage -2.7V and -2.9V a very minor current
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difference is noticed and the two current slopes for all cases are almost identical due to the constant trap
state for all conditions. To see the impact of different drain voltages at pre-pulse a new pre-pulse was
excited at 90V (Fig. 27) and measurements under exact same conditions were repeated. Under these
conditions its is noticed that the maximum current further reduced and the current for the two gate
guiescent points was almost similar. This effect is similar to the device performance when operating in
an amplifier whose load-line dynamically reaches a higher drain voltage.

Id_NQ(mA) vs Vd_NQ(V)

=

1d_NQ(mA) [ M
ith-prepulse-90Vdng-2.9vgq-28vd ith-prepulse-90Vdng-2.7vgq-28vdq

Fig. 28 standard PIV waveform with Pre-Pulse & VDq= 28V

COMPACT MODELLING GENERATION

In this section a comparison analysis is presented for generating a compact model by using two
different Pulsed characterization techniques:

a) Standard PIV measurements
b) Tri-state PIV measurements

Tri-state pulsed IV have been introduced to improve on the traditional PIV characterizations in providing
iso-thermal and iso-trapping device characteristics. In Tri-state pulsed IV, the quiescent point chosen in
the device active region which is typically used for power amplifier design, such as a class A, AB, or B bias
point. The quiescent state followed by a small duration pre-pulse towards the drain lag point. Considering
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that the trapping time constants are expected to be shorter than typical pulse durations, the pre-pulse
give the trap level to their highest occupation state. The pre-pulse is immediately followed by another
measurement pulse towards instantaneous point in the safe operating area, like in traditional pulsed IV.
This way, the current measurement is performed in a definite and fixed trapping and thermal state, as
the measurement pulse is intended to be much shorter than de-trapping and thermal time constants.
While also drain lag characterization is expected to provide iso-trap 1V, the tri-state pulsed IV has been
shown to mimic the |-V behavior more closely when exposed with large RF excitations in Power
Amplifiers.

As a first step a Pulsed IV characterization was performed on a DUT under same Quiescent and Non
quiescent conditions. In addition to the IV characterization Pulsed S parameter were also performed to
extract the extrinsic parameters for the two cases. In both cases the Gate and drain quiescent bias points
were set at -5V and 15V respectively. For the tri-state condition the pre-pulse was set at gate quiescent
of -5 V and drain quiescent was set at 30V which is two times the quiescent of standard drain quiescent
voltage.
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Fig. X traditional PIV characterization

Id_NQ(mA) vs Vd_NQ(V)
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Fig. X Tri-state PIV characterization

The S-parameters under traditional and tri-state pulsed conditions have been acquired between 1 GHz -
40 GHz frequency range, and they are compared in Figure. The effect is more marked on the S21 and S22
parameters, while being negligible in all cases on the S11 and S12. This seems to confirm that, for this
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DUT, charge trapping has a significant impact on the output- and trans-conductance characteristics of

the device, whilst the impact on the gate input charge function appears to be insignificant.
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Fig.x Pulsed S-parameters data

Lumped elements consist of bias and freq independent elements. 8 extrinsic elements and the Ri and
Rgd. These elements don’t change with freq and bias. Only one value valid for entire model. Bias
dependent and freq independent elements. Which are non linear capacitances and current source
have been extracted. The 8 extrinsic parameters obtained are same between traditional and tri-state
pulsed IV with synchronous S-parameters.
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Fig.x 16 Element linear small signal circuit

AUS5 PIV 11



@

FOCUS

MICROWAVES

Small signal parameters at Q points Pre-pulse

Small signal parameters at Q points Traditional
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LONG PULSE

Transient pulse measurements are performed by sampling the signal at high speed to create a waveform
of the signal versus time. These measurements are often made by oscilloscopes, but it can be also made
by traditional DC-measurement equipment with ADCs running at very high speeds. Transient pulse
measurements are very useful because they allow us to investigate various device behaviors like self-
heating and charge trapping.

Using the long memory depth of Auriga, it can measure a single pulse spanned over seconds/minutes and
captures data over the time span set by the user. The software offers complete control of the pulse and
sampling parameters. This feature is perfect for examining the effects of rapid bias changes on recovery
performance.

A sample measurement was made to study the impact of electrical history on trapping behavior of a GaN
HEMT. The impact of Vpsmax Was characterized on the amount of drain-lag and the recovery times of
current within the pulses at room temperature in long pulsed mode. Complete Time-domain I-V pulse
response was captured for a long pulse with 2s time period with pulse width 50 us.

A Pulser Timing

Width:
Duty Cycle:
Frequency:

Period:

Step (+/~):

Fig. 17 User defined Parameters
Following biasing conditions were used for the for long pulse current recovery test.
* Quiescent Voltage Vgs.q =-2.62V, Vps.q=28V
¢ Non- Quiescent Voltage Vas.na=-4V, Vbs.na= {0V, 30V, 50V, 70V}
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Fig. 19 Long Pulse measurement with Vps_no= 30V, 50V & 70V

In figure 18 and 19 it is observed that for Drian non-quiescent voltage of OV no current collapse is
noted. As the drain quiescent voltage is stepped from 30V, 50v and 70V a significant change is the

current recovery is noticed.

In this measurement procedure of this study on the impact of electrical history on trapping behavior, the
impact of VDS-MAX on the amount of drain-lag and the recovery times of current within the pulses are
characterized at room temperature in pulsed mode as shown in Fig. 1I-19. To this end, the bias point is
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set to a quiescent gate voltage VGS-NQ of -4V lower than VP and four separate |-V measurements are
performed at different quiescent drain voltages VDS-NQ varying from 0V, 30V, 50V and, whereas the
same quiescent bias point is used at a gate voltage VGS-Q of -2.62V and a drain voltage VDS-Q of 28V.
As the non-quiescent point (VGS-NQ, VDS-NQ) is cold since VGS-NQ is lower than the pinch-off voltage
VP, there are no thermal effects in the case of short enough instantaneous pulses. Figure shows the time-
domain I-V pulse response of a long pulse with 50us pulse width to illustrate the measured emission
times within the pulse period of 2 seconds, which are in the orders of tens of milliseconds, even though
a small thermal effect cannot be eliminated in this case of long pulses. However, the same behavior was
observed in the case of very short pulses of 200ns, but without allowing to observe the emission times.
One important conclusion of measurements observed in Figure is that the immediate decrease of drain
current due to carriers captured in the first nanoseconds is roughly proportional to the level of the initial
quiescent level VDS-NQ when it exceeds the quiescent value VDS-Q. This is due to the high electric field
induced by VDS-NQ associated to the fast fall times of current. Such a short capture time in the orders
of nanoseconds cannot be observed in the curve. However, the long pulse case presented in Figure allows
us to demonstrate that the recovery times of drain current within the pulse period are in the orders of
tens of milliseconds over the 2seconds time window.

In this section, specific measurement procedures were presented to quantify the impact of traps on I-V
characteristics. Measurement results demonstrate that the electrical history induced by quiescent and
non-quiescent bias points, along with the resulting thermal effects, play a major role in current collapse
and drain-lag, and thus on high-frequency electrical performances.

The average current decrease is due to the trap capture, which increases alike to the gate and drain
voltage excursions versus the input power for a CW measurement.

For example, if the RF input power is pulsed to 0dBm, the current decreases within the pulse due to the
capture

of traps. At the end of the pulse, when the input power is switched-off, there is a discontinuity in the drain
current

corresponding to the amount of increase (A/D1) of the average drain current, which should have appeared
in the absence of traps as shown in Figure 1. Then the captured carriers are reemitted and the drain
current recovers at its bias level. It can be seen that the emission time constant for emission remains in
the ms range while the capture one is lower than 10us.

This can be explained by the fact that the extraction of the drain lag contribution from pulsed-IV
measurements at different quiescent bias points is a too much rough method to provide a correct trap
induced current dispersion, especially around the nominal bias point, which is moreover often at low
current in amplifiers.

These measurements show that the most influential parameter on trap activation is the electric field
induced by the highest drain voltage VDS-max reached during a pulse sequence, which leads to the drain
current collapse.

Indeed, the number of ionized traps is roughly proportional to the maximum value of the drain-source
voltage, because of the dissymmetry of the capture and emission time constants the pulsed mode
shows a current collapse occurring and increasing gradually after the first measurement run. This
reflects that new carriers are captured at different time intervals according to the electrical history of
the device
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