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2 Preface

i r
: In this study, deep traps induced by electron irradia-

tion were characterized in n-type epitaxial gallium arse-

: nide samples. The characterization of the electron-induced

traps was done by calculating the energy levels at which the

traps occurred and by calculating the trap concentration of

each level.
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\\\ % Abstract
0 i

Trapping states in epitaxial GaAs induced by 1 lieV

Muth power /szc o

electron irradiation were measured by transient capacitance.
P o

N-type epitaxial GaAs samples with “Buffer“}layer were irra-

diated at room temperature with 1 MeV electrons, at doses

- 6 -2 g2 ,
2 to 101 cm . Carrier removal, changes

=

ranging fromiiqiucm " em
of concentration profile, diode hehavior, wnd C-V character-
istics were measured as a function of electron dose. Tran-
sient capacitance spectroscopy techniques were used to meas-

/

ure deep trapping levels between MJK and 450°K. Concentra-
tions of trapping states as a function of electron dose were
measured and related to the carrier concentration measure-
ments. The usual electron-induced trapping states with sig-
nificant variations were noted. Variaticns of spatial depth
of the traps as a function of irradiation and thermal cycling
were observed. Samples were in the form of FET test pat-

terns for correlation of material properties and device

performance.




DEEP LEVEL TRAP SPECTROSCOPY

OF GALLIUM ARSENIDE

I. Introductiocn

The purpose of this independent study was to character-
ize deep traps (material defects) in a specific series of
epitaxial gailium arsenide samples by Deep Level Trap Spec-
troscopy (DLTS). Specifically, deep traps in field-effect
transistors were analyzed. OQOther devices such as Schottky
barriers, Gunn diocdes, impact avalanche and transit time
(IMPATT) diodeg, varactors diodes, and mixer diodes were not
examined. However, the DLTS technique can be used to char-

acterize the material defects in these devices as well.

Background

In the past, luminesence, admittance spectroscopy, and
photocapacitance were used to characterize traps in semicon-
ductors (Ref 5:3030). These techniques have been excellent
in determining the material properties and chemical identi-
ties of shallow traps (0.0-0.5 eV). However, they have been

only partially successful in the study of deep traps (0.C5-

1.1 eV) in semiconductors. In addition, a theoretical under--

standing of deep traps has been very limited.
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Deep Level Trap Spectroscopy is a relatively new tech-

nique (Ref 8). Briefly, this technique employs a sensitive
capacitance meter, a pulse generator, a duval gated signal
integrator, an x-y recorder, and a variable temperature cry-
ostat. From measurements of capacitance transients during a
thermal scanning process, the method can observe a wide
variety of traps. Also, the apparétus provides a spectro-
scopic display of the traps plotted as a function of tempera-
ture.

Deep Level Trap Spectroscopy has several distinct ad-
vantages over the previous mentioned techniques. Since both

radiative and non-radiative centers can be observed, it ex- j

tends trap analysis to deep non-radiative recombination cen-
ters miccsed by luminescence measurements (Ref 7:489). At
present, very little is known about these centers. The
technique is more versatile than the admittance spectroscopy
technique since it is not limited to majerity carrier traps.
Both minority and majority carrier traps can he easily stud- 4
ied. Finally, the DLTS technique permits observation of ‘
traps at energy levels up to 1.1 electron-volts or more. m
The only large class of traps which DLTS cannot observe are

the shallow donors and acceptors nor excitons. Since these

shallow centers can easily be detected by luminescence, this

is not a serious drawback.

The Problem

The need for quantitative characterization of defects

in gallium arsenide is obvious in view of the Air Force in-

Lo e e i S i b K Y e




terest in compound semiconductors. At-present, gallium ar-
senide exhibits many desirable material parameters (such as
high mobility and moderately wide energy bandgap) which
makes it suitable for electro-optic, digital processing, and
high frequency microwave device applications.

In microwave applications, the quality of epitaxial
GaAs is very important. The epitaiial layers are required
to be planar, uniform, defect free, and grown with precise
control of doping profile and thickness (Ref 1:224). Micro-
wave field-effect transistors, which are majority-carrier
n-type structures, are very sensitive to the presence of e-
lectron traps in the epitaxial film. Experimental studies
have shown that an impurity-related electron trap at approx-
imately four-tenths of an elecctren-~volt from the conduction
band adversely affects the microwave frequency characteris-
tics of n-GaAs Schottky barriers and field-effect transis-

tors (Ref 6:2558).

Summary

Deep traps in several semiconductor devices were char-
acterized. Two or more trapping levels were observed per
device. Since the devices examined in this study were ma-
jority-carrier n-type structures, only deep electron traps
were characterized. Minority carrier traps were not studied
because of equipment limitations.

The electron traps were manifested as a spectrum of
negative peaks in capacitance differences as a function of

temperature for each device. This display represented the




change of capacitance due to thermal emission from the traps.
The magnitude of each peak was direcctly proportional to the
trap concentration. The temperature at which each peak had
a maximum was used to calculate the activation energy of

each trapping level.

Plan of Attack

This study was limited to a specific class of samples.
An epitaxial layer of gallium arsenide on a semi-insulating
GaAs substrate was selected. Schottky barriers and field-
effect transistors fabricated from this material were ob-
served and measured for similar characteristics. The uni-
formity of the metallization patterns as well as- the general
surface appearances were observed. Many material and elec-
trical parameters (such as doping profiles, current-voltage,
and capacitance) were measured to determine uniformity.
Selected portions of this material were subjected to a se-
ries of irradiations by electrons, using a 1 MeV Van de
Graaff accelerator. Electron irradiation was used to intro-
duce defects of a simple nature intec the material at a pre-
scribed rate and dose. This provided a method to study the
relationship of simple defects to device performance.

The basic procedure used in this study was to monitor
the capacitance changes across the depletion regions of the
devices. This was done by applying a reverse bias across
these regions, by providing one or two positive pulses
across them, and by observing the capacitance transient as-

sociated with the return to thermal equilibrium of the level

N
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following an initial non-equilibrium condition. The tran-
sient change of capacitance across the depletion région de-
scribed the rate of electron-hole recombination. The expo-
nential decay of the capacitance transient was measured for
shape, size, sign, and time constant.

The gallium arsenide samples used in this study were
fabricated by the Device Technology Branch of the Air Force
Avionics Laboratory. With these samples the Deep Level Trap
Spectroscopy experiment was performed to characterize the
defect states in the epitaxial film.

The preparation of the gallium arsenide samples is pre-
sented in Chapter II. Next, the instrumentation and proce-
dures used in the study are presented in Chapter III. The
experimental results are discussed in Chapter IV. Finally,
the conclusions are stated and recommendations for further

study are made in Chapter V.
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II. Sample Preparation

The following discussion of sample preparation is di-
vided into three parts. These are substrate material, de-

vice fabrication and testing, and irradiation.

Substrate Material

The substrate material used in this study was chromium
doped gallium arsenide (GaAs:Cr). Since this starting mate-
rial had a very low conductivity, two epitaxial layers were
grown on top of the substrate material (Fig. 1). These lay-
ers were grown by vapor phase epitaxial deposition tech-
niques. The material used in the deposition of these layers
was tin doped gallium arsenide (GaAs:Sn). A typical doping
profile for these sandwich layers is shown in Fig. 2. It
was estimated from this profile that the top layer had a

16 em™3 to a depth of one micron. The

concentration of 10
second layer concentration was approximately 1015 cm'3 at
three to four microns. The 1015 layer can be considered as

a buffer between the substrate and the active layer.

Device Fabrication and Testing

Schottky barriers and field-effect transistors (FET's)
were fabricated from the multi-layer material. Ohmic con-
tacts were provided for electrical connections and Van der

Pauw patterns were fabricated for mobility and resistivity

R e e e
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measurements.

Geometric Patterns

The geometric patterns for the devices fabricated are
shown in Fig. 3. The devices labeled number two are Schottky
barriers. The rectangular patterns with small squares in
them (labeled number three) are ohmic contacts. Devices
four, five, six, and seven are field-effect transistors.
These (larger than normal) FET devices were specifically
made for this study as test samples. Device four is approx-
imately three times the area of device five and nearly six
times that of devices six and seven. The remaining four

rectangular pads represent the Van der Pauw test patterns.

Device Fabrication

The devices used in this study were fabricated by the
Device Technology Branch of the Air Force Avionics Labora-
tory using well known processing technigues. Briefly, masks
were made for the geometric patterns and photoresist was
spun on the GaAs substrates. The desired patterns were then
obtained by a process of selectively exposing and etching
the photoresist on top of the substrate material. Finally,
the metallization patterns for each Schottky barrier, FET,
and ohmic contact were deposited. All devices were on mesas
five or more microns high for isolation.

The Schottky barrier device consisted of a gold-germa-
nium ohmic contact pad next to an aluminum pad. The field-

effect trancistors were composed of two gold-germanium ohmic
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contact pads (source and drain) separated by an aluminum
gate. Ohmic cdntacts and Hall pads (four point probe test
patterns) were goid—germanium, alloyed in hydrogen at ap-
proximately 400° C. A sample pattern with dimensions of 0.2
cm by 0.2 cm shows these various materials for several de-

vices (Fig. 4).

Device Testing

After the various devices had been fabricated on the
multi-layer GaAs, preliminary testing of each device was
done. This testing included visuval inspection and electri-

cal analysis.

Device Mapping

The structural shape of each wafer fabricated was '5
sketched with the aid of a microscope. These drawings pro-
vided a map of the location of specific devices on the wafer.
In addition, each test pattefn was labeled numerically to
assist in the identification (Fig. 5). For instance, device
label R9-2-4 meant that this field-effect transistor was lo-
cated on wafer R9, die 2, and device number 4. Also, sur-
face defects or anomalies were identified and marked accord-
ingly. Once the device mapping was completed, electrical

testing was done.

Electrical Testing

Since most electrical testing had to be done with mi- 3
croprobes under a microscope, only the large devices were
tested. This included the Schottky barriers labeled number

two and the field-effect transistors labeled numbers four and
10
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five. Data gathered from these devices included zero bias
capacitance, current-voltage (I-V) characteristics, capac-
itance-voltage (C-V) curves, and concentration-depth (N-W)
curves.

A typical I-V characteristic for sample R9-2-5 is given
in Fig. 6. This particular field-effect transistor had a
forward bias breakdown of nearly 0.6 volts and reverse
breakdown voltage of -20.0 volts. A C-V plot for sample
R9-9-5 is shown in Fig. 7. Also, 1/C2 versus V is plotted
to determine the device's barrier height (0.8 volts in this
case) at the intercept of the reverse bias voltage axis.
Devices with uniform electrical characteristics and measure-

ments were selected to be diced and later bonded.

Bonding and Packaging

Devices to be used in the Deep Level Trap Spectroscopy
experiment were eutectically bonded to TO-5 headers. This
amountgd to the permanent placement of the substrate material
on the header. Some benefits from this attachment were me-
chanical support, thermal conduction, and electrical con-
nection.

Interconnection between the devices and the package
terminals was done by ultrasonic wire bonding. Aluminum
leads (0.0254 mm thick) provided ohmic contacts, to the var-

ious devices on the die.

Irradiation of Samples

Fabricated samples which had been inspected, electri-

—
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cally and packaged were irradiated using the Model JS Elec-
tron Acceleratof. This 1 NMeV Van der Graaff electron accel-
erator consists éSsentially of three operating parts: high
voltage generator, accelerator tube, and associated cir-
cuitry.

Basically, the operation of the Van de Graaff electron
accelerator involves the generation of a high voltage (106
volts) across a capacitor. From the high voltage terminals
across this capacitor, very high energy electrons (0.75-1.0

MeV) are emitted into an asccelerator tube. The accelerator

tube with its electrostatic field accelerates the electrons

to an energy level determined by the potential of the high
voltage terminal. Subsequently it focuses the electrons

into a beam and then carries them through the tube extension

to the exit portal. At the exit portal, the target to be
irradiated is then subjected to controlled doses of electron

irradiation.

The samples irradiated in this study were exposed to

2

electron dosages ranging from 1 X 1014/cm to 4 X 1016/cm2

with corresponding flux densities of O.OBpA/cm2 and 1.10ua/
cm2 at 1 MeV. Material defects of a simple nature were in-
troduced by electron damage. In essence, the stream of e-

lectrons striking the sample's surface creates sporadic va-

cancies in the material crystalline structures. These
structural changes were observed in the sample's doping pro-
file after irradiation (Fig. 8). The variation of this pro-
file from the original concentration and depth measurements

is apparent.

16
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Some comments are in order with regard to the electron
dose and production rate of defects. The range of 1 MeV elec-
trons in GaAsais.about 1000p which has many times the thick-
ness of the 4u epitaxial layer. The energy loss of electrons

traveling through the epi layer is nearly constant and also 1

very small (dE/dx-0.7 keV/u). Thus, after traveling through
the 4u of epitaxial material, dE = 0.7 keV/p X 4p = 2.8 keV,
so the energy of the electrons arriving at the substrate will
be 1 MeV minus 2.8 keV. The energy loss rate is approxmately
the same for Al because the densities of electrons in Al and
GaAs are nearly equal. Hence, it does not matter that the ir-
radiation was performed through the Al Schottky gates which
were less than one micron thick. :

The threshold for ion displacement in GaAs is about 400
keV. Hence, the energy of the incident beam was well above
threshold. The number of defecits created by this irradiation
is not a simple number to obtain. If we consider a layer of 1

material that is thin compared to the range of electrons and a

beam energy significantly above threshold, the number of dis-

placements is simply ¢ N, #, where ¢ is the displacement cross

section, N, is the atomic density and g is the electron fluence.

22cm"3. Hence for a flu-

For GaAs, ¢ = 65 barns, Ny = 4.4 X 10
ence of 5 X 1015 electrons/cmz, the maximum number of displace-
ments is 14.5 X 10150m'3. Each displacement can cause two de-
fects (one vacancy and one interstitial). The carrier removal
rate and the total number of vacancies in the un-irradiated

material. Hence, for these samples, a fluence of 5 X 1015cm"2

can easily result in a carrier removal and defect introduction

greater than 5 X 1015¢m™3,




I1II. Instrumentation and Procedures

This chapter discusses the three major systems of appa-
ratus used in this study. They are the high vacuum equip-
ment, the variable temperature cryostat, and the transient

capacitance network.

High Vacuum Equipment

A vacuum of 1.0 micron of mercury (um Hg) or better had
to be obtained before a sample could be cooled to liquid
helium temperature (b.ZOK). The high vacuum equipment used
i - was made by National Research Corporation and designed to
provide a vacuum to 10'3 pm Hg. Thus, this equipment was
more than adequate for its use with the cooling apparatus.

A schematic of the functional units of the high wvacuum
equipment is shown in Fig. 9. As indicated in the diagram,
the most important units are the fore pump, the diffusion
pump, the cold trap, the ionization gauge, and the various
vacuum valves and thermocouples. The vacuum equipment pro-
vided a vacuum for the sample through its connection to the

heli-tran unit which housed the test sample.

Variable Temperature Cryostat

The temperature dependence of the trapping states was

determined by sweeping the temperature of the sample from about

4.2 °K to 450°K in a liquid transfer heli-tran system. This

19
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system, which was made by Air Products and Chemicals, con-
sists of dewar attachments, transfer line, heli-tran sample
holder, flow control panel, and temperature controller
(Fig. 10).

The variable temperature cryostat provided refrigera-
tion from room temperature (approximately 300°K) to liquid
helium temperature by the controlled transfer of liquid he-
lium. The helium flowed at a constant rate through a high
efficiency transfer line to the sample interface. Tempera-
tures were gradually increased from 4.2°K to 450°K with a

heater wrapped around the heli-tran cold finger.

Thermocouple

The broad variation of temperature was measured with a
thermoccuplie mounted inside the heli-tran cold finger. The
thermocouple, which consisted of chromel-gold material with
0.07 atomic % iron, indicated the test sample temperature
with an estimated precision of 0.1°X. The reading was ob-
tained through a circuit which provided a relationship be-
tween thermal voltage and temperature. A digital tempera-
ture indicator with four significant digits provided a
direct temperature readout.

Errors in the sample temperature are possible since the
thermocouple was not mounted exactly on the sample. Physi-
cal limitations prevented such mounting. However, with the
thermocouple located in the vicinity of the sample, fairly
accurate temperature readings were obtained. An explanation

of sample temperature errors is presented in the conclusions.
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Sample Mounting

Each samplé to be cycled through the DLTS experiment
was mounted inside the heli-tran vacuum shroud (Fig. 11).
The vacuum shroud in conjunction with the high vacuum equip-
ment and liquid helium transfer flow provided the required
cryogenic environment for low temperature testing.

Teflon tape was wrapped around each TO-5 hecader before
the sample was put into the holder. This tape provided elec-
trical insulation between the holder and the header. The
sample was snugly fitted into an opening in the holder for
good thermal conductivity. Also, a radiation shield was
lowered over the sample to reduce radiative emission during
temperature sweeps.

Electrical connections were made from the T0-5 exte-
rior posts to the metal plate terminals (Fig 12). Specif-
ically, the post which connected the ohmic pad was connected
to the negative terminal of the plate. Similarly, the other
post which connected the gold-germanium pad was connected to
the positive terminal of the plate. These connections were

soldered and wire leads were used as the connecting medium.

Temperature Sweep

Gradual increases in temperature above 4.2°K were ob-
tained by using a combination of flow control and heater
power to conserve helium. By closing the shield flow meter
and the micrometer valve, the temperature could be slowly
increased (Fig. 10). Greater increases in temperature were

obtained by gradually increasing the heater power. After a
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sample had been heated to 450°K, the heater power was turned
off. Usually, the heli-tran sample holder was allowed to
cool naturally to ambien® room temperature. However, on
some occasions, a sample was re-cooled much more quickly by

repeating the helium transfer process.

Transient Capacitance Network

A schematic diagram of the transient capacitance net-
work is shown in Fig. 13. This network consists of pulse
generators, bias supply, sensitive capacitance meter, duval
gated boxcar averager, and x-y recorder. The physics of
Deep Level Trap Spectroscopy is capacitance transients. A

summary of the underlying physics of DLTS is presented in

Appendix A.

.,

Capacitance Meter

A capacitance meter (Boonton Model 72BD) was used to

e

measure the capacitance across the test samples. The meter
uses a carrier frequency of i MHZ at 100 mV RMS as its test
signal. It has a response time of less than 2 msec for all
ranges. The four capacitance ranges have full scale read-
ings of 2,000, 20.00, 200.0, and 2000 picofarads. A four
digit LED display provided quick and accurate capacitance

measurements.

Bias Supply

A direct current power supply was used to keep the test
sample in reverse bias. Typical bias voltages of -3.0 to

-10.0 volts were used.

25




. *JJIOM3.ON eduejToedR) JUSTSURIL

*£% *FTd

INdINO

4

(¥3ayoozy) |

HAWHOSSNVYL -
NOILVIOSI |

HADVHIAY

HvoXxod

A LEY
ZONVIIOVAVD

HIavVEY

THNLYEAIWNAL

X1ddns
SdEMOd

—r

gESINd

EIESING

<+ F1INODOKNIHL

/azmzzom?zm

OINZDOXHD
NI ZIJNVS

26

v




The intrinsic capacitance of the depletion region de-
pended on the“bias voltage. For example, a Schottky barrier
could have a capacitance of 60 picofarads at zero bias and a
capacitance of 5 picofarads with a reverse bias of ten volts.
A negative bias increased the sample depletion region's width,
since reverse bias capacitance is approximately €A/W, where
€ is the permittivity, A is the device area and W is the de-
pletion layer width. However, increasing reverse bias led
to decreased junction capacitance. Non equilibrium condi-

tions across the test samples (mounted inside the heli-tran)

were obtained by using pulse generators.

Pulse Generators

Pulse generators (Hewlett Packard Model 1900A) were
used to make rapid changes in the bias of the test sample.
Injection pulses momentarily drove each test sample from its
quiescent reverse-biased state into forward conduction and
introduced majority carriers, (electrons for n-type material)
into the depletion region. The injection pulses resembled
spikes (10 usec in duration) with an 2mplitude equal to the
quiescent bias. The pulse repetition period was usually 70
msec (Fig. 14). Pulse transformers were connected beitween
the pulse generators and the test samplé for electrical iso-
lation (Fig. 13), preserving the desired pulse shape.

The sudden bias voltage change produced a capacitance
change and a capacitance transient. The capacitance tran-
sient was due to thermal emission of trapped changes in the

space charge layer next to the junction or barrier (Ref 8).
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Basically, the capacitance changes resulting from the injec-
tion pulses cauged the average occupation of trap levels by
electrons to chahge from the steady-state value.

The injection pulse previded a means of filling and
emptying the electron trapping states in a controlled man-
ner. The changes in the electron occupation of the trapped ;
states were observed by monitoring the junction capacitance
after the injection pulse and by analyzing the associated 1

transient.

Boxcar Averager

A Princeton Applied Research (Model 162) double boxcar

averager with gated integrators was used in this study.
Simply, this instrument was used to selectively sample and
to average the capacitance transient detected by the capac-
itance meter. The process involved repeatedly'measuring the
amplitude of specific points on the transient and computing
the average value of the measurements taken.

Pulses from the cutput of the pulse generators were
used as triggers to activate the boxcar apertures (Fig. 15).
Since these pulses had a repetition period of 70 msec, the
apertures had to be set within this interval. As a result,
the gate settings of the apertures (tq and tz) were normally
positioned at 5 msec and 50 msec regpectively from the trig-
ger signal. The time permitted to sample the capacitance
transient of each gate was 5 msec. Thus, the averaging of
the transient over this interval produced the éveraged capac-

itances Cq and Cz. The capacitance difference (Cl'cz) was

ZQ




then used as the Y-input to the recorder.
An essential featur¢ of the boxcar averager was the a-
bility to set an ‘emission rate window (aperture settings)
such that the averager only responded when it saw a capac-
itance transient with a rate within the window. Thus, the
equ}pment showed a responce peak at the temperature where
the trap emission rate was within the window when the emis-
sion rate of the trapping state was changed with temperature

sweeps.

Transient Network Settings

A variety of transient network settings were used in
this study. Many experimental runs were made under differ-
ent bias conditions, with various capacitance readings, and
with a variety of boxcar settings.

The boxcar settings were changed to produce different
capacitance time constants and emission rates. The capac-
itance time constant for each run was calculated from the

following equation:

t, -t
T e T (1)
In(t,/t,) (Appendix B)

where tl is the time for gate 1 and tz is the time for gate
2. The electron emission rate for each run was obtained as
the reciprocal of the capacitance time constant. Thus, the

emission rate e, is given by the relation:
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From the transient network settings and other recorded
data, the energy level for each electron trapping state was
calculated. Simply, the energy level was determined by
using data gathered from separate temperature sweeps with
the same test sample. When the DLTS experiment was cycled
on the same sample with different emission rates, the peak
temperature of the trapping state shifted. The peak temper-
ature for each emission rate was recorded, and the energy
level for each trapping state was calculated from the fel-
lowing equation:.

ln(eRl/eRz) K
(L -1 ) =
Tl T (Appendix B)

2

where E is the energy level of the trapping state, €p1 is
the emission rate for the first sweep, €2 is the emission
rate for the second sweep, T1 is the peak temperaturé for
the first sweep, T, is the peak temperature for the second

sweep, and K is Beoltzmann's constant.

Oscilloscope

A Tektronix type 7514 storage oscilloscope was used to

observe the capacitance transient changes across the deple-

A
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tion region of each test sample. A noticeable change in
the transienthurve was observed whenever a trapping level
was detected (Fig. 16). This change was identified by a
slight increase in the slope of the transient.

The forward conduction (current pulses) of several test
samples was observed on the oscilloscope with a current
probe connected to the sample circuit. The observed current
pulses occurred with every injection pulse from the pulse
generators. Thus, the current pulses had a 70 msec period
also (Fig. 14).

The usual current-voltage characteristic of each test
sample was observed and recorded by a Tektronics (Type 577)
curve tracer oscilloscope. This observation was done both
before and after the éample was irradiated and ctherwise
prepared for the DLTS experiment.

The curve tracer was used to observe the current-volt-
age (I-V) characteristics of a test sample from helium tem-
perature to room temperature. At 4.2°K the oscilloséope
showed almost zero current and voltage. As the sample was
slowly heated to 300°K. a family of I-V curves were recorded

(Pig. 17).

X-Y Recorder

A Varian F-81 X-Y recorder was used to display all plots
of the electron trapping states. Inputs from the boxcar
(Y-coordinate) and the sample's thermocouple (X-coordinate)
were used to provide the trapping states spectroscopic dis-

plays (Fig. 13).
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Profiler

An automatic doping profiler manufactured by Material
Development Corporaticn was used to produce rapid and accu-
rate information about the impurity distribution of each
test sample. The profiler consists of a capacitance meter,
a bias control, associated analog circuitry, and an x-y
recorder. The equipment can be opérated in two operational
modes: the capacitance-voltage (C-V) mode and the concen-
tration-depth (N-W) mode.

In the C-V mode a test sample is connected across the
capacitance meter and the bias control is then used to sweep
the sample from zero to approximately 10.0 volts. The re-
sultant output (C-V curve) is plotted on the x-y recorder.

Concentration-depth information is derived from the C-V
data automatically in the N-W mode. As the bias supply is
swept, an analog signal proportional to the capacitance is
made available to the capacitance meter. This 4C/dV signal
arises from the super-position of a small 1 K Hz signal on
the direct current bias. At the output of the capacitance

meter these signals are detected and plotted on the x-y

recorder to give the desired N-W profiles.




IV. Experimental Results

The deep level trap spectroscopy experimental work was
primarily performed on the field effect devices from wafer
R9. This wafer was selected becawe its devices had approx-
imately uniform characteristics. Measurements used to de-
termine similar characteristics included current-voltage,
capacitance-voltage, and concentration-depth profiles. Spe-
cifically, the FET devices labeled R9-1-4, R9-2-4, R9-6-4,
R9-7-4, and R9-8-4 were tested (Fig. 5).

Test sample R9-1-4 was subjected to a series cf electron

dosages from 1 X 101b’cm'2

to 5 X 10%%em™? (Fig. 18-21). In-
creasing electron irradiation dosages greatly altered the
sample's doping profile. It was observed that similar irra-
diation of the other FET devices from wafer R9 produced
nearly identical profiles. Therefore, these irradiative
doping profiles were representative of the other test sam-
ples as well. A plot of the capacitance versus voltage of
test sample R9-2-4, both before and after electron irradia-
tion, is shown in Fig. 22. Again this plot is representative
of all the test samples.

The DLTS experiment was conducted on each test sample
which had been irradiated at a specific electron dosage.
Each specific dosage induced electron trapping states which
were detected by the transient capacitance network. The

plots recorded for the various test samples are shown in
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Figs. 23-29. The electron dosages for successive test sam-
ples were increased in the following manner: R9-8-l4:

1 x 10W%/cu?, rR9-7-4: 5 x 10%/cn?, R9-6-4: 1 x 1015/cn?,
and R9-2-4: 5 X 1015/cm2. Table I shows the peak tempera-
tures of the trapped states for three of the irradiated test
samples. The various bias voltages used for each thermal
scan are also shown in this table.

The characterization of the induced trapping states was
done by analyzing test sample R9-2-4. This sample, which
was subjected to the largest electron irradiation damage,
was cycled through the DLTS experiment at various emission
rates. Table II shows the peak temperatures observed for
each emission rate. The characterization of the electron-
induced traps was done by calculating the energy levels at
which the traps occurred and ty calculating the trap concen-
iration of each level. A

Specifically, the peak temperatures observed aleng with
their corresponding emissioﬂ rates were used to calculate
the energy level of three trapping states. Figure 30 chows
a. composite summary of these peak temperatures at four dis-
tinct emission rates. The spectroscopic curves displayed
represent selective data extracted from Table II. A semi-
logarithmic plot of emission rate versus the reciprocal of
temperature for the peak temperatures under column T1 of
Table II is shown in Fig. 31. Similarly, Figs. 32 and 33
show plots of the data under column T3 and T4 respectively.

The peak temperatures shown in Fig. 33, however, represent

L1




.mEc\:Hoﬁ X H..Pm po3eTPRIII 4-g-464 ordwes woxd sdeal uoxloeTd ‘€z 314
R (%) TENIVEIIWAL |
0s€ . 00€ 052 002 05T cot 05

; ‘ : v ) L A \
-2%% 8°2€ 1(%) muvu Norssim
w (oesu) 56T 1(%3*T3) sonTLIES wvovom 2%9/,70T X T $NOLIVIQYHMI NOMIOZIZ
: S . SLIOA 2°6- m
A : > R ¢ a
Q
&
; (o}
39
: 3
o
: -
T5,\
L]
Q
; 02€ gee _ . “ S
. — e SIIOA 2°€-
EOVITOA SVIE
‘ #-8-64 FIAUVS

‘

!

r'




..NEo :Hoﬁ.x ¢ 1B PO3BTIPRIIL +-A-6Y oTdurg woxz sdeJ] uoxyoeTxm ‘42 314 :
: TR e (%) SEnIVHHaWAL - : s
05€ 00€ 052 : 002 051 00T 05 . . u

-

008 goze 1(%9) muvu Norssmim

(casw) 156t 1(%*T3) sonTiias wvoxod

¥44 ; 0 :

292/ 470 X & IHOILVIQVEMI NOWLOZIZ

SITOA 4°8-
w
e
Q
=
C
o om
m =%
24
. IU
0z¢ 052 . % 2
3 A~ \\1__( \/' N
e . : SITOA 0*4-

.

JOVIIOA svid

,a&.mm F1IKYS




.Nao\mﬁoﬁ X T 3% pejyeIpRIIl 4-9-6d o1dueg woag sdegy uoa3dosTd ‘G2 *ITd

00€ 052

(¥,) BUNIVEIINIL

(149 002 05T 00T (9
()  § T L L§ g, ji
s 820 1(%9) muva norssTi 9/ 07 X T $NOLIVIQVIMI NOULOFTE
(o0su) 1546t 1(%*T4) sonTLias wvoxos

95

08

P’l‘

4-9-64 TTIINVS

SIICA 0°5-

2 ADVITIOA SVId

(°a)o - (T3)0 1undano uvoxod

L

il S 8 O AR

e e -

R e



.H..omw #°12 3® .cw,ao%o #-2-64 oTdwesS woxg sdeay uoxyosTd *92 *S1d
: (¥,) TUNIVHRINAL
oot 05¢€ 00€ 052 002 051 00T 05
T T T T ) ’ J e
89€ SITOA 0°S- *TEOVITOA SYIE .
wo H )
2%/¢y0T X & *NOLIVIQVENI NOWIOZIZ (5% 012 1 (%) mIvy NoIsSTME
(o3su) #5‘0n .AN«.HpV SONILIZS HVOX0H .
]
4-2-64 TIIWVS
€S
102
e W

ST YT T R ST

T TR TR T et

(o - (Y2)0 :1na1n0 uvoxo"

b5




- _098s 1°'@QZ 3® PeT1oL) 44-2-64 aTdweg woxg sdeal uoayoeTd ‘A2 °*8Td

1
: ¥ (M) FUNIVEELWAL
05€ 00€¢ 052 : 002 051 00T 05
L] L] il v i ) ‘

sTe SIT0A 0°G- :EOVIICA SVIE

/¢ 0T X §  #NOLIVIAVENI HOMLOHIH 1-°8 T8 +(%e) mva Norssmim
(oosu) 4522 1(%3*T3) sontiums wvoxom

<9

4-2-64 FIIWVS

(°a)o - (Ta)o 1andano uvoxog

b6

o



: ) .Huomw G*24 3% POTOAD 4-2-6¥ oTdues woxd sdea] uoa3oeTd °gZ ‘It
. : : : (d,) FBNIVEAINEL
] 05€ 00€ 052 coz 05T - 00T ¢ 9

. ) \ i T T T T

ote ¥ ;
. : SITOA 0°S-  $EDVIT0A SVIE

Nso\mﬁoﬁ X § $NOIIVIQVHYYI NOWLOITH

(o9su) 554 .Amp.ﬁs SONILIES HVOXOd

99 §*zn +(%o) muvu NoTssTIE

b7

(®3)0 - (Y3)0 +anain0 wvoxod

4-2-64 TIIWVS




088 #'26 2B PaTLAD :nwnmm eTdues woxy sdea] uoa3oaTd ‘62 °*STJ
3 (¥,) BUNIVERIWIL
00€ 052 002 051 00T 05 .
T ) i

¥

SITOA 0°S- 3EDVITOA SVIE
2%%/cOT X §  $NOLIVIQVYHI NOWIOFTH

(o9sw) 0z's 1(%*Ta) sonrLIEs uvoxom . .

%8 w26 +(%e) mvu NoTssTHm

L8

#-2-64 TIIWVS

(°3)o - (f3)0 1104100 uvoxod

1¢4




* S : & 03 0°S 2-U2c {01 X T *ES00 NO¥IOEIZ w
4-8~64 M
. - - Cee = 09 48 .
= = = i i 0% , |
= 0e¢ 0%z - e o 282, 10T X §
: = = = - 39 s t3S0Q NOYIOHTE
. L~ 64
- = - =T £
- = G0z = 09 CRb
= = 081 = = 9'6 N|E03ﬂoa X1 2
0z¢ 8ee 19 2% $2S0Q NO¥IOHTH
- 058 | 6¢e - q T2 ie-ol
A = 09¢ = = S1 b Al |
E
4 g 4 4 Z 1
J 8 - 2 e “ (SITOA)
. (%,) STUNIVYIAWIL HVad ZOVITIOA SYId Ko

ﬂloww 8°2¢ :*EIVY NOISSINZ

oesu (4§ ‘ST) *SHNILIZS ¥VOX0d

setdueg 3s8] 9aay] Jog saanyeaadws] yeod °4eas Sutddeay]
I °Tqel




sdoomg sanqeaadus] USTHsx |

- (474 - - =
* §
= 0%¢ 912 051 8% |
- 8¢ 912 49 8'0T 02 'S 7' 26
= *wﬁﬂ &5 = -
- *mﬁm - = = 2'91 0t °G°4 919
09 *mﬂm » F = 1
b = 961 = 19 ,
i Hse ~ 2 ¢9
= 01¢ 802 = £9
Can 6HE 012 G2zl ) e W G4 G Zh
w9t ST¢ %702 56 29 9 4k s 2% tUge Q"
*nm: *N 1¢ - = =
254 89¢ 102 = 65 AL +5 ‘07 L
¢z¢ 867 = 8% 4t Ly 05 ‘G4 1*12
ma fiz \mw . = (0ZSK) (DZSH) Aﬂ-ummv
; g By Ty Gty 9
(%) STUNLYSAGNET Jvad T 5 (Za/l)ut g
INVISNOD EWIL SHNILIES HYOX0d FI74 NOISSIKS

SITOA 0°6-

Nqu mﬁoﬁ X & :IDVSOU NOYIDITHE
tHDVLTIOA SVIE

4-z-6Y¥ ordwes aod seamjexedueg yeed ozeag Surddeag

II °TqEL

H-2-6d ELIdNYS




*s9j3ey UOTSSTWHF SNOTJIBA 3B wm..usnvmnm&bwa yeed Jo Axewumg o3Tsodwo) °*of *FT1d
(¥,) FUNIVEIIWAYL

05€ 00€ 052 , 002 05T 00T 05
1] [] q . i \ i
A b o SITIOA 0°S~ t3@LHVIIOA SVIS i :
74 :
Nso\mao,ﬁ X & *NOILVIQVAMI NOWIOZTHE .
| 912 89
gle >
; 228 4°26 | W
1= b w
otz _ 5 2

_ = §
i ~
. 5 S
. 4 {4 ; & 3
1W \AN
Hlomw §°24 gy
)
> . :
: 3
z(

: oot &

> m
g . 1- n s
4-2-6U TIINVS Amov SIVH NOISSINT

51




T T i

'1 eyeys Surddeap 203 I/,01 sa %¥ ‘1€ 314

4, /T (1 /01) Fangvesswar / €0t

0:6T 08T _0'4T 0791 0ST

L v i L 1 ] o

83[0A~-UCI}03Td £0°0 = (T) TAATT XDUENZ

X, / St'ot = ¢+ _oes gz = %

T
T,

Ny / 64T = Ty ¢ 09s ooT =

1
: SINIOd OML

T FLVLS ONIddVHL

1 OT

ST
2
0z H
741
8
=
o=
3
o
o
“ﬂ(
ot
]
o
[ <]
05
09
0l
08
06

00T




'€ eyeys Furddeas Jgog 1/c0T sa “@ 2¢ *F1d

Yo /T (1 /c01) mungvemriay / ¢0T

A

25 26 0§ 8'h 9%

S3T0A-UOIFOIT3 €°0 = () TIAXT KDUIANT

!

g6r——*% ,
(+] ;
MTERE 2
b, 8 .nomlllll\‘ A, / 960 = .Huoow 02 = “%
X, 702 M / 09 = Tz 998 oot = To
: SINIOd OAL

¥, g6t """ e
X, 80z ——

1,012

€ IVIS DNILAVHL

%, 912

ot

st

(=]
N

(=}
()8

(Ha) GIVY NOISSIKI

o
<
pelelsy

o
n\

09
04

0]
06
00T

‘t-

53

E—

s

A 1 A P

B e rgipr e T £



A o4 e AR ST S i R SR e .-/ el S - 3 2 i et

“4 o3eys Sutddesy 207 I/07 sa Y €€ ‘BT
SN2 GERE /¢O1) TUNIVEEINIL / €0t

#e € 2T€ 16

i T Gl L T L e U N T L L v ot
L -l m“
83T0A-U0Z3O3T8 1°T = (¥) TAATT XOUANT.
2
4 02 m
) (9 L rA
° uo\omm..a.?oouomu ® m
¥, / L0°€ = i T ‘(998 00T = R £ 2
; SINIOd OML 5 06 ®
. o3
3, OTE. 19,
8
] o5 L
A, 8E€ ] 0l
1 08
¥, §2€ 06

00t




~and e

only the high temperature DLTS sweeps. Two points (eRlel
RzxT2) from the straight line plotted in these figures
were used in Eq. 4 to calculate the energy level of each
trapping state. The result of this calculation is shown on
each figure.

The trap concentration was calculated using the empiri-
cal relationship cited in reference 6. Table III shows the
results computed for each trapping state. The sensitivity
of the system was determined by measuring AC and C at sev-
eral peaks. It was determined that a peak one division high

on the recorder could be clearly separated from the noise

and this would represent a AC/C of 1072,
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V. Conclusions and Recommendations

Since the purpose of this study was tc¢ characterize
deep traps in epitaxial gallium arsenide sample by DLTS, the
conclusions which have been drawn address the characteriza-
tion process and the insights gained regarding trap occur-

rence and behavior.

Errors Involved

There were several opportunities for errors to affect
the experimental data. Errors in the peak temperatures re-
corded are possible since the thermocéuple was not mounted
exactly on the sample, but on the coldfinger, nearly two
inches above the sample. At the beginning of the DLTS run
near absolute zero (4.2°K), the liquid He was shut off and
the sample was permitted to warm primarily by radiation.
Hence, the sample would be warmer than the thermocouple.
This is believed to be a major factor in the discrepancy in
the measured activation energy of the first trap compared to
previously published reports (Refs. 3, 7, 8). Above 70°K the
heater was used for warming. Hence, at higher temperatﬁres,
especially above room temperature, the thermocouple temper-
ature would be higher than the sample temperature. 1In com-

paring the peak temperatures on full (4.2°K to 450°K) tem-
perature sweeps with sweeps from 300°K to 450°K, differences

of 50°K were observed.
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Another source of possible error was in the measurement
of the capacitance. A noticeable capacitance discrepancy
for several samples was detected while monitoring the capac-
itance meter as a function of bias voltage. These inaccu-
rate capacitance readings were attributed to a blown fuse in
the meter. Errors of this nature were difficult to detect
since the capacitance meter did not indicate blown fuses.
However, it was concluded that these errors were infrequent
during the DLTS experiment.

There were several data points which were inconsistent
with the rest of the data. Some of these ancmalies are un-
explained. Other factors such as distortion of the tran-
sient decay by pulses transmitted through the capacitance
meter, small oscillations of the guiescent velve of the ca-
pacitance, and noise were noted during some of the tempera-
ture sweeps. All of these factors had to be cénsidered when
selecting an appropriate slope to calculate the activation

energy.

Summary and Conclusions

Trapping states in epitaxial gallium arsenide induced
by MeV electron irradiation were successfully measured and
characterized by the DLTS technigue. Several n-type epi-
taxial GaAs samples with a buffer layer were irradiated at
room temperature at doses ranging from 1014c:m"2 to 1016cm"2.
Noticeable changes in the sample's doping profiie were ob-

served from the series of electron dosages. In particular,

the depth of the buffer layer was varied from approximately
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2.5 microns to 1.5 microns at a concentration of nearly ]
1015c:m'3 (Figg; 18-21). In addition, a significant reduc-
tion in the amplitude of the C-V plot of the sample was ap-
parent after irradiation (Fig. 22). It was concluded that
the electron dosages induced the deep traps (material
defects) since the DLTS spectrum before irradiation showed
no electron traps.

The DLTS experiment measured a gradual increase in the
concentration of the induced trapping states with increased
radiation dose. The concentration of the trapping states
was directly proportional to the magnitude of the peaks ob-
served. Samples irradiated from 101’""cm_2 to 1015cm_2 had
small peaks (Figs. 23-25). However, samples irradiated at
5% 1015cm"2 had induced trapping states with large peaks
(Figs. 26-29). The calculation of the trap concentrations
in Table III supports this observation. 1In addition. a sum-

mation of the trap concentrations for the three trapping

states in Table III totals 5.65 % 1015cm-3. This figure is
very close to the electron irradiation dosage of 5 X 1015cm'2
for sample R9-2-4., Thus, the material defects introduced by

electron damage nearly equaled the sum of the trap concentra-

tions for a given sample, suggesting that under these condi-
tions impinging electrons have a high probability of gener-
ating trapping states. The activation energy computed for
the trapping states compares favorably with the results ob-
tained from other publications (Refs. 3, 7, 8). The data

suggest a strong correclation with trapping states occurring
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at peak temperatures near 65°K, 210°K, and 320°K. The acti-
vation energieshcomputed for these peak temperatures were
0.09 eV, 0.39 eV, and 1.1 eV,

The DLTS technique is well suited to studies of this
kind since it is possible to independently vary both the
average charge state and the electron-hole recombination rate
at a particular defect. The charge state can be varied by
placing the observed traps either in the depletion regicn
(reverse bias) or in neutral material (zero bias). Electron-
hole recombination changes are present under forward bias

(Ref. 7:489).

Recommendations

Recommendations are divided into two categories: rec-
ommendations for modifications to the experimental eqguipment
and areas for further study. Specific recommendations are
listed below:

1. The heli-tran cold finger should be modified to
allow the thermocouple to be mounted closer to the
test sample. This would reduce errors in the tem-
perature measurements.

2. The process used to mount a test sample into the
vacuum shroud is very cumbersome. An alternative
method should be devised to facilitate such mount-
ing.

3. The high vacuum equipment should be replaced. At
present, the eguipment takes too long to obtain the

necessary vacuum for liquid helium transfer.
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L. An indicating mechanism for blown fuses should be
installed on the capacitance meter. This-would re-
duce errors in the capacitance measurements.

5. A further study should be made to relate the elec-
tron traps to the cverall design, manufacture, per-
formance, and reliability of electron devices.

Perhaps, a comprehensive comparison of several dif-

ferent device fabrication techniques should be made.
6. The electron traps should be further characterized
in terms of defect identification. The identifica-
tion would specify the appropriate chemical impuri-
ty or lattice imperfection of the trapped states.
Perhaps, a comparison with several othef techniques
é such as photocapacitance and Hall resistivity meas-

j urements would provide a correlation for analysis.
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T Appendix A

Theory of DLTS

In order to explain DLTS, an understanding of the more
basic problem of capacitance transients is necessary. The
use of capacitance transients for trap studies in semicon-
ductors is well known. This technique is used to obtain
information about an impurity level in the depletion region
of a Schottky barrier or p-n junction. This is done by ob-
serving the capacitance transient associated with the return
to thermal equilibrium of the occupation of the level fol-
lowing an initial nonequilibrium condition. The activation
encrgy for the level can be obtained from the measurement of

the time constant of this transient as a function of temper-

ature. The initial magnitude of the transient is related to
the concentration of the traps. The form of this technique
used in DLTS makes use of cne or more voltage pulses applied

to a sample in order to define the initial conditions.

For simplicity, this discussion will be focused on
n-type material in an asymmetric p*n diode. In more sym-
metric junctions, traps on both sides of the junction give
comparable signals. However, for the highly asymmetric case

the depletion region is primarily on the lightly-doped side

of the junction. Thus, this discussion will consider only
those traps in the lightly-doped n-side of the p*n diode.

The capture and thermal emission rates for minority
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carriers (holes in this case) are defined as C1 and e, re-
spectively. The capture and thermal emission rates for ma-
jority carriers (electrons) are defined as 02 and e, respec-
tively. In the quiescent state of the system, the diode is
reverse biased and the observable traps are within the de-
pletion region. Thus, the capture rates are zero and the

occupation of the level is determined by the thermal emis-

sion rates eq and ey As a result, the steady-state electron

occupation of a level is

g
2 e1+e2

Np (5)
where Np is the concentration of the trap. In this example
a hole (minority-carrier) trap is defined as one.which tends
to be empty (ﬁ2 = 0) of electrons and thus capable of cap-
turing them. Likewise, an electron (majority-carrier) trap
is one which tends to be full (ﬁz = NT) of electrons and
thus capable of having a trapped electron recombine with a
hole. Therefore, in accordance with Eq. (5), a hole trap
must have e,>>e, and an electron trap e,>>e, . The emission
rates are proportional to a Boltzmann factor, and thus, de-
pend exponentially on the energy difference between the trap
level and the conduction band edge (electron emission) or
between the trap level and the valence band edge (hole emis-
sion). As a result, electron traps tend to be in the upper
half of the gap and hole traps in the lower half.

A capacitance change is caused by using a bias pulse to

introduce carriers, and thus change the electron occupation




of a trap from the steady state value iﬁ Eg. (5). As this
population returns to equilibrium, the capacitance returns
to its quiescent value. The transient is an exponential
function of time with a rate constant to e, + e,

One of these rates usually dominates; thus the transient
rate for a majority-carrier trap is nearly e, and for a mi-
nority-carrier trap is nearly ey 'The sign of the capaci-
tance change depends on whether the electron occupation of
the trap has been increased or decreased by the pulse. An
increase in trapped minority carriers causes an increase in
the junction capacitance. The capacitance transient due to
a minority-carrier trap is always positive and is induced
only by injected minority carriers. However, the transient
due to a majority-carrier trap is always negative and is in-
duced only by the majority carriers.

An injection pulse momentarily drives the diode into
forward bias and injects maiority carriers into the deple-
tion region.  During such a pulse, the capture rates (C1 and
Cz) and the trap cohcentration (NT) relate the steady-state
electron occupation as

C

2
2 CI+C2 it

The injection pulse introduces electrons such that Cz>>C1 and
thus completely fills the trap with electrons.
The essential feature of the DLTS technique is the abil-

ity to set an emission rate window such that the measurement

apparatus only responds when it sees a transient with a rate
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within this window. Thus, if the emission rate of a trap is
varied by varyihg the temperature, the instrument will show
a respcnse peak at the temperature where the trap emission
rate is within this window. These emission rates are ther-
mally activated and by the principle of detailed balance can
be given as

o'<V>ND (-E/XT)

eR=--é-—-—-~e (7)

where er is the thermal emission rate of a trapped electron,
¢ is the capture cross section, <V> is the mean thermal ve-
locity of carrier, ND is the effective density of states, g
is the degeneracy of the trap level, E is the activation
energy, K is Boltzmann's constant, and T is the peak tempera-

ture of the trap level.




i Appendix B L

Capacitance Time Constant and Energy Level Derivations

The capacitahce time constant (T) can be derived in
terms of the gate settings (t1 and t2) from the boxcar aper-
tures. The time constant reaches a maximum value at the
maximum of C(tl)—C(tz) (Capacitance differences) vs. T (tem-
perature) for a particular trap.

The normalized DLTS signal for a test sample is defined

as

s(T) = [c(ty)-C(ty)]/ac(o) (8)

where
AC(o) = capacitance change due to the pulse at t = o
and the exponental transient is

S(T) = [exp(-t;/7T)]-[exp(-t,/T)] (9)

but
At =t -1

then

S(T) = exp(-tl/T)—[1~exp(-At/T)] (10)

From Eq. (10) the relationship between T and t1 and ts
is determined by differentiating S(T) with respect to T and
‘setting the result equal to zero. The desired expression

is then
£ (11)
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and the emission rate is

it ? ln(tl/tz)

e (12)
R tl-tz

The emission rate can also be written as cited in Eq.

(7) in Appendix A. This equation can be rewritten as

G =0 e('E/KT) (13)
where
o<V>N
& D
eo = .-—.é_.__-_- (1[.[,)

The energy level or activation energy of a trapping state can
be derived from Eq. (13) using the different emission rates
at two distinct peak temperatures. The expression relating

these parameters is

e eO &
Ri = . (15)
g2 (-E/KT5)
e e
0
or
BT~ 2]
4 R
P e @ (16)
®Rr2

By taking the natural logarithm of both sides of Eq. (16),
the eXpression becomes

e
e Bk 1
n (G - R - B (17)

By rearranging Eq. (17), the desired expression is then

: ln(eRl/eRZ) K

B
T, T
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