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ABSTRACT

The deep level characterization of magnesium doped
indium phosphide grown by organometallic vapor phase
epitaxy (OMVPE) is reported. The chief motive for this work
has been the applications of p-InP in optoelectronic and
microwave devices. Secondly, very little use has been made
of magnesium as a p-type dopant. The properties such as low
diffusivity and high solubility in III-V compounds, make
magnesium an attracFive dopant. However, the high
concentrations of Mg used in many device applications cause
concern of magnesium-related deep traps being formed and
affecting the device performance. Deep level transient
spectroscopy (DLTS) was used to characterize deep traps

present in InP:Mg samples.

The theory of DLTS is discussed in detail. This method
offers direct information about a host of trap parameters
such as activation energy, capture cross section,
concentration and the nature of the trap. This technique is
capable of detecting defects having concentrations as low

as ~1012¢cp”3

and is thus sensitive to trap
concentrations on the 10 parts per billion scale. However,

it does not provide information on the physical identity of



the trap.

CV and IV measurements are made on the Au-InP Schottky
diodes. The net acceptor concentration barrier height and
ideality factor of the diode are determined from these
measurements. The relative values of these characterization

methods are discussed.

DLTS measurements over a temperature range of
77°% - 400%°K revealed the presence of hole
traps in InP:Mg samples. A total of three hole traps are
observed having activation energies of 0.31, 0.54 and 1.16
eV from the valence band. The capture cross sections are
3.2x10717, 1.5%x1071% and 2.7x1077 cm?® respectively.
The concentration of these traps are found to be in the

range of 1012-3015cm™3.

The physical identity of the traps are merely
speculated, as accurate identification requires a much more
detailed study which is beyond the scope of this work. Trap
H(0.31) is observed in the majority of the samples and is
attributed to Mg related complex, while traps H(0.54) and
H(1.16) are seen only conce and are thought to be some

contaminants incorporated during the growth.
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CHAPTER - 1

INTRODUCTION

InP and its alloys have received increased attention in
recent years owing to their applications in microwave
devices, light emitting diodes, heterostructure lasers,
photodiodes, photocathodes and solar cells. InP has also
become an important substrate material for the growth of
GaInAs and GaInAsP. _Due to the need for high purity InP for
these applications, research in defect analysis has grown
considerably. Knowledge of the nature of deep defects has
become extremly important as they cause limitations in the
performance and reliability of devices. A number of methods
have been used in the literature to study deep defects, but
one of the most sensitive and successful technigques to-date
is deep level transient spectroscopy (DLTS) (1). This
mnethod has been used in the present study to characterize
Mg-doped InP grown by organo metallic vapor phase epitaxy

(OMVPE) .

When a wide bandgap semiconductor such as InP is
deliberately doped with a large amount of impurity,

sometimes deep states will form in the forbidden gap of the



semiconductor. Deep levels that are related to shallow
impurities have concentrations that increase as the doping
level increases. Thus, they are a particular problem for
applications where heavily doped material is needed. An
example of such a defect is the DX center in Al Ga,_,As
(2,3). The "D" stands for a shallow donor impurity, which
is believed to be paired with an unknown "X" defect. This
defect is responsible for many detrimental effects in
donor-doped AlGaAs devices. Concern exists that similar

levels may exist in other compound semiconductors.

This work involves the DLTS investigation of low to
medium doped InP:Mg. This is done because heavily doped
material cannot be characterized directly using DLTS, as
the sensitivity of the system decreases as Qdoping
increases. At the same time, high quality, heavily doped
P-type InP is essential for applications such as

photocathodes, LEDs, solar cells, etc.

Before proceeding further, it would be appropriate to
mention a few properties of InP. InP has a direct bandgap

(E,) of 1.35eV (300°K) and 1.42 eV (0°K). The

g
temperature dependence of the bandgap is given by (4),

By = [1.421 - 6.63 x 1074 727 / [T+162)



It crystallizes in the zincblende structure. Fig. (1)
shows the band structure of InP. A detailed discussion of

the properties of InP is given in reference (4).

The properties such as high peak velocity, threshold
field and thermal conductivity make InP an attractive
material for device applications. InP metal semiconductor
field effect transistors (MESFETs), for instance, have
higher current—-gain and cut-off frequency than GaAs deviceé
of equivalent geometry (5). Similarly, InP metal insulator
semiconductor field effect transistors (MISFETs) are
superior to those made in GaAs, in that the InP/oxide
system has lower interface state density and hence is
preferable for application requiring low as well as high
frequency operation (6). In general, InP FETs are found to
be favorable for high power applications as these devices
can be operated at higher biases, taking full advantage of

the large peak velocity (7).

Yet another application of InP is in the fabrication of
the GaInAsP-InP double heterojunction light emitting diodes
(LEDs) (8). These are considered to be very promising light
sources for fiber optical communications in the 1 -
1.7um wavelength region. They also provide a better

data transmission capacity than the ternary GaAs-AlGaAs
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FIG. 1. Band structure of InP.
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LEDs.

The double heterostructure laser, fabricated using
GaInAsP - InP has low optical loss and minimum material
dispersion around 1 - 1.3um wavelength region. Hence it
has applications in high purity silica fiber transmission

lines (9).

One of the most important applications of InP, is in
the heterojunction photocathodes used in optical detectors
(10) . The InGaAs / InP heterojunction photocathodes have
higher quantum efficiency than the conventional negative
affinity photocathodes. The device applications are

reviewed in detail in (4).

Most of the above mentioned devices require P - type
epitaxial layers of InP, GaInAs and / or GaInAsP. Emission
devices such as light emitting diodes and solid state
lasers require heavily doped P - type material to ensure
recombination is maintained in the active region. Heavily
doped P - type layers are also desirable in photocathode
applications. A final P layer on a multilayer epitaxial
device ensures good ohmic contact as well as lower series

resistance.



Se—

The need for P-type InP layers for device fabrication,
has increased the study of P-type dopants for this material
(11). In the present work, magnesium was chosen as the
P-type dopant, instead of the more commonly used zinc or
cadmium. This is because Mg has high solubility in III-IV
compounds, and low diffusivity, which can be important when

abrubt junctions or interfaces are desired (12).

Little information exists on the growth and
characterization of InP:Mg. Mg not only provides a shallow
substitutional monovalent acceptor in InP (13), but also
forms complexes with deep level flaws at high doping
concentrations as is evident from this work. For efficient
performance of the devices, it is essential that the

material used be free of defects.

At this juncture, it is worthwhile to mention the types
of crystalline defects and their effect on the
characteristics and reliability of devices. Crystalline
defects can be classified into point defects, line defects
and planar defects. The point defects include impurities
(foreign atoms) and native defects:; dislocations form line
defects; and planar defects include grain boundaries and
stacking faults. The presence of these defects gives rise

to noise or leakage in solid state devices. Defects in the



substrates tend to propagate up into the epilayers during
growth. Hence it is important that the material should be

as defect-free as possible.

As mentioned earlier, point defects are classified into
impurities and native defects. The most common impurities
in semiconductors are known commonly as "shallow"
impurities or dopants. Dopants are introduced deliberatly
into the semiconductor where they form localized donor or
acceptor levels. These levels are described by the
hydrogenic model and are called "shallow states". These
states are characteristically located within 0.1 eV of

either band edge.

In InP a number of elements (Cu, V, Fe) have been found
to form deep level centers within the gap. They generally
have activation energies greater than 0.1 - 0.2 eV and do
not follow the hydrogenic model. Other deep states are
thought to originate from native defects, or complexes
between two or more point defects (14). Shallow impurities
are also known to form complexes with other point defects,

giving rise to deep levels in the forbidden gap.

A deep defect in a semiconductor may act either as a

trap or as a recombination center (15), depending on the



defect, temperature and doping conditions. If a minority
carrier trapped at an impurity center lives a mean lifetime
in the captured state and is ejected thermally to the band
from which it came, the center is regarded as a trap. If,
however, before thermal ejection can occur, a majority
carrier is trapped, recombination will take place and the

defect 1s a recombination center.

These centers are particularly important in wide
band-gap semiconductors because they offer the most likely
means of recombination. Hence the lifetime of injected
carriers 1is affected by the presence of deep levels. Traps
and recombination centers also tend to limit the diffusion
lengths of carriers, and promote non-radiative
recombination. Undesired trapping effects change the
switching times in devices such as photoconductors and
non-radiative recombination process affects the efficiency

of light emitting diodes.

To characterize a defect, information about its nature,
energy level, capture cross section, density, etc., become
essential. As a result several characterization techniques
have been developed. The most commonly used methods are
photoluminescence (PL) (16), optical absorption (17), Hall

effect (18), photo-induced transient spectroscopy (PITS)



(19, 20) and capacitance techniques (1, 21).

The purely optical methods like PL, optical absorption,
etc., and Hall effect provide detailed information on
shallow levels, but only obscure or no information on deep
levels. The strong lattice coupling for deep states and
their consequent non-radiative nature complicate optical
spectra. So these methods provide little information on

deep traps.

The capacitarice techniques (1, 21) like thermally
stimulated capacitance, photocapacitance, deep level
transient spectroscopy; and photo-induced transient
spectroscopy (PITS) provide opportunities for the
characterization of deep states. These techniques give a
quantitative measure of energy level, the capture cross
section and the density of deep states. Capacitance methods
are much more sensitive than the other methods mentioned
above. However, information about the physical and chemical
nature of the level is not available directly. Out of the
capacitance techniques mentioned, DLTS has an upper hand
due to its greater sensitivity, its greater range of
observable trap depths and its convenience to use and
interpret. PITS, despite several difficulties is found to

be suitable for determining deep level traps in highly
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resistive semiconductors (22). PITS used to study
deep-level flaws in semi-insulating GaAs is given in

reference (19, 20).

Deep level characterization of InP done in the past is
discussed in chapter II. The theory of DLTS
characterization technique used in this study is described
in chapter III. The experimental procedures that include
CV, IV and DLTS measurements are reported in chapter IV.

Finally results and discussions are presented in chapter V.
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CHAPTER 2
LITERATURE SURVEY

A survey of literature shows a few experimental
measurements of defects in InP. Table I gives a summary of
the results obtained from past work. These include defects
induced by electron irradiation and by dopants. Irradiatioﬁ
is a convenient way to produce simple defects in a
semiconductor mainly to determine the characteristics of
the native defects in the material. Previous work (23-30)
has shown, using DLTS, that electron irradiation induces
several deep centers in InP. The activation energy, capture
cross section and the trap density were calculated in each
case. Annealing kinetics of these irradiated samples were

also studied (24, 27, 28, 30).

Several impurities in III-V semiconductors have been
the object of much study in recent years because they often
appear as common contaminants or as deliberately introduced
dopants in these materials. In either case they tend to
behave as deep centers and significantly affect the
electronic properties of the host by acting as efficient

trapping and recombination centers. Transition metal
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impurities like Mn, Cu, Fe, Cr, Ni, Co, etc., (31, 32) form

deep levels in InP and are characterized by DLTS.

Titanium, vanadium and iron-'in InP are of technological
importance as these give rise to semi-insulating materials.
B. Clerjaud et. al. have performed studies on vanadium
doped InP, co-doped with Zn. The traps were characterized
by luminescence excitation experiments, DLTS, DLOS (Deep
Level Optical Spectroscopy) and absorption experiments
(33-36). Deep levels due to titanium were identified for
the first time by C. D. Brandt et. al (37) using DLTS.
Fe~doped InP also forms deep-centers as shown in reference
(38). InP samples intentionally doped with transition
metals are found to be contaminated with hydrogen (39). The
hydrogen binds with one of the transition-metal-phosphorous
ligands. These bonds were observed by infrared
spectroscopy. Hydrogen gets incorporated in materials grown

under hydrogen atmosphere.

2inc, the most commonly used acceptor impurity in InP
and other related compounds, is found to form deep levels
in InP (40, 41). Zn atoms are also seen to interact with
native defects shown in (42) using PL and SIMS (Secondary
Ion Mass Spectrometry) techniques. Mg, another p-type

dopant of InP forms deep traps (43). This trap has been
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characterized by admittance spectroscopy. Several deep
traps were observed in bulk and epitaxial InP and were
characterized by either photocapacitance or transient

spectroscopy (44-47).

Another type of defect reported in the literature is
the metastable defect in 1MeV electron irradiated InP
(48-54). This defect, known as the M-center can exist in
either of two configurations, A or B, each with distinct
electronic properties. Reversible transformations between
configurations can be induced and each configuration is
characterized by a distinct deep level transient behavior.
The M-center displays both self-trapping and negative-u
characteristics due to large lattice relaxation. These
properties are discussed in detail in references (50, 51).
The MFe center in Fe:InP is characterized by thermally

stimulated capacitance, photocapacitance and DLTS (52, 54).

Kennedy and Wilsey have investigated the intrinsic
defects in III-V semiconductors using Electron Paramagnetic
Resonance (EPR) (55, 56). Using EPR they observed an Indium
vacancy (Vy,) or a complex involving a vacancy and a
phosphorous antisite (Pg,) in both n and p-type material.
Although this technique has been very useful in the study

of vacancies, interstitials and complexes involving
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intrinsic defects in silicon and III-V compounds, its use
has been limited due to difficulties in interpretation of

data.

Besides electron iraradiation, Gamma-ray irradiation is
also used to induce defects in semiconductors. Defects
introduced by 1MeV gamma-rays in InP were characterized
using DLTS (57). Annealing experiments were also performed

on these samples.
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CHAPTER - 3

THEORY OF DLTS

Deep level transient spectroscopy (DLTS) (1) originally
developed by D. V. Lang is a powerful tool to study
defect-induced trap states in the bandgap of semiconductors
which are at least 0.1 eV from either band edge. This
method uses the capacitance of a Schottky barrier or a p-n
junction as a probe to monitor the changes in the charge
state of a center as a consequence of the capture and

emission of carriers that take place.

A summary of the capture (c) and emission (e) processes
which characterize a deep trap in p-type material is shown
in Fig (2). eqc; and e,c, refer to the rates for
minority (electrons) and majority (holes) carriers
respectively. In the quiescent state of the system, the
diode is reverse biased and the observable traps are in the
depletion region. As this region is devoid of mobile
carriers, the capture rates are zero and the equilibrium
steady state electron occupation (n) of the level is

determined by the thermal emission rates e, and e,.
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Hence,

n = [ey/(eqtey))] N ===omm—mmmmmmm o (1)

where N is the trap concentration. This value of n can be
changed by applying a bias pulse to introduce carriers,
which in turn alters the capacitance C. A schematic of this

test sequence is shown in Fig. (3). At time t = t,; the

P
bias pulse of width (tp2 - tpl) is introduced. The
steady state electron occupation during the bias pulse is

given by:

n={C; / (Cq +Cy)] N ——--(2)

After the pulse is removed and the diode is returned to its
gquiescent state (after tp2 in Fig.(3)), this population
slowly returns to equilibrium as a result of the thermal
emission of the trapped carriers. As the trapped carriers
are emitted, the quiescent value of the capacitance is
re-established. One of the emission rates e, or e,

usually dominates, depending upon the proximity of the trap
to a band edge. Furthermore, if a Schottky diode is used,
e, >> e; as injection of minority carriers is

impossible unless stimulated by a photon. The thermal

emission rate of trapped carriers can be expressed by,
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e. = N, V_ o

v Vp op eXp(~Ep/KT) for holes ---(3)

ey is the hole emission rate ( e,, in Fig. 2)
Ny, is the effective density of states for valence
band

N, = 2 (m,KT/2xn2)3/2

Vp is the thermal velocity
*
Vp = JI3KT/m ]
o is the temperature independent capture

cross section

Ep is the activation energy

A similar expression holds for the emission of electrons.

The most important feature of DLTS is the ability to
display the time constant of the decaying signal by setting
a "rate window". This 1s done by tuning the measurement
system to respond only to a transient of a particular time
constant. Thus, if the emission rate of a trap is varied by
varying the sample temperature, the instrument will show a
response peak at the temperature where the trap emission
rate equals that of the tuned rate window. Fig. (4)

illustrates the rate window concept.

The rate window may be produced by a number of methods



System
FESpOnSe

Log of thermal emission rate—

FIG.

_}-—Adjustable

rate window

4.

The DLTS rate window concept
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such as a lock-in-amplifier, a band-pass filter, a double
box car integrator, etc., The method originally proposed by
D. V. Lang made use of the dual gated integrator (double
box car). This device measures the transient signal at
preassigned instants t; and t, after the bias pulse and
records the analog difference [C(t,)-C(t,) = AC) as

a function of temperature to produce a DLTS spectrum. This
is illustrated graphically in Fig.(5). The resulting signal

AC, can be expressed as
AC = AC(0) S(e¥) ----=-= (4)

where AC(0) is the capacitance change due to the pulse

at t = 0. And, for exponential transients,
* *
s(e) = exp(-e*t;) - exp(-e*t,) -—- (5)

Differentiating equation (4) with respect to e* ang
setting the result equal to zero, the thermal emission rate
corresponding to the peak of the DLTS signal can be
obtained and the resulting equation is

e’ = In(ty/t))/(Eymty) ——mmmm-- (6)

Making several scans at various values of t; and t,,



25

/K__?“‘_J%-

l

——

L

SN PSS M
TEMPERATURE

L/(

CAPACITANCE TRANSIENTS AT VARIOUS TEMPERATURES

o~ o e e — o ae

O
—~
N

TINE C{t))-Clty)

FI16, 5. Illustration of how a double boxecar is used to define the rate
window. The left-hand side shows capacitance transients at various
temperatures, while the right-hand side shows the corresponding
DLTS signal resulting from using the double boxecar to display the
difference between the capacitance at time t and the capacitance
at time t, as a funetion of temperature.
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while keeping the ratio t,/t, constant, one obtains

corresponding values of T*, the temperature at which ey

= e* for the trap. In other words, changing the rate

window (e*) to lower (higher) rates shifts the spectrum

to lower (higher) temperatures. Plotting the values e*

and T* in an Arrhenius form as shown in Fig. (4), the
activation energy and capture cross section in equation (3)

can be measured from the slope and intercept of the plot.

The trap concentration can be obtained using the

expression (1, 67)

Np = 2[AC(0)/C] [Np-Np] —-=—=—=--———- (7)
for Np-Np>>Nq
= [(AC(0)/C+1}%-1] [Ny-Np] —----=- (8)

for NA—ND ~ NT

where Ny is the trap concentration, C is the capacitance

of the diode under quiescent reverse-biased conditions.
Np-Npy is the net acceptor concentration in the p-type
material and is determined by using CV analysis. The values
of C and Np-Np are known and AC(0) can be

calculated using egquations (4) and (5).



CHAPTER - 4

EXPERIMENTAL PROCEDURE

The p-type InP samples used for the DLTS investigation
were grown in Oregon Graduate Center using OMVPE. The
layers were grown on semi-insulating substrate using
trimethyl indium (TMIn) and phosphine (PH;) at
atmospheric pressure. The magnesium dopant used was
bis-cyclopentadienyl magnesium (Cp,Mg). Relative mole
fractions are given in Table II. Resulting layers were 3-4
microns thick. The details of growth are in reference (58)

The DLTS characterization is discussed in reference (59).

27

Ohmic contacts to p-type InP were formed by evaporation

of a 90/10 Au/Zn alloy through masks, followed by a two
minute anneal in argon at 450°C at atmospheric

pressure. Indium dots were rubbed onto the contacts and
then annealed at 150°C for one minute. For evaporation

35 mg of the alloy was used. The source was 4 cm from the
sample and a shutter blocked the sample until evaporation
began. The samples were covered by masks with four holes,

0.75 - 1 mm diameter, in a square pattern. The sample was

allowed to cool prior to exposure to air. All contacts were
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TABLE II. Growth Parameters for OMVPE InP : Mg
(Growth Temperature GOODC)

Mole Fractions
Sample Number |--—-—-—--———————————- {PH5)/[TMIN] H, 1/min
TMIn | CcPyMg
InpP 20 4.1x107° | 3.2x1078 80 8
Inp 23 8.3x10°° | 4.6x1078 80 8
Inp 57 5.5%x107° | 6.5%x1078 105 4
InpP 59 5.5%x10°° | 1.6x1078 105 4
IinP 61 5.5x107° | 4.8x1078 105 4
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verified to have a linear current/voltage relationship
continuously through positive and negative current values,
using a Tektronix 576 curve tracer. Fig. (6) shows the

typical I/V relationship for an ohmic contact.’

For CV and DLTS analysis, Schottky barriers were
prepared on InP by evaporating gold through a mask in high
vacuum (10_4 Torr). Again the masks used had holes of
0.75 -~ 1 mm diameter. The current /voltage characteristics
of the Schottky diode is observed using a Tektronix 576
curve tracer. Fig.(7) shows the IV curve of a typical
metal-semiconductor contact and Fig. (8) the energy band

diagram.

The room temperature capacitance versus voltage (CV)
data are taken using a 1 MHz test frequency. The sample was
mounted on a micromanipulator. The relationship between C

and V is given by (60),

C = /[{ec (Nx-Np)AZ)/({2(Vpi-V) )] F/cm? -—(9)

where Np-Np is the net acceptor concentration,

Vi is the built-in potential.

A% is the applied voltage

e is the electronic charge



FIG. 6.

IV curve of ohmic contact.
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x is the dielectric constant of the
semiconductor

¢, is the permittivity of free space.

0

A is the area of the diode.
Equation (9) can be re-written as,
2 _ _ - 2 _______
1/C% = 2(Vpi-V)/exe,(Ny-Np) A (10)

Plotting l/C2 versus_V yields a straight line if
Np-Np is constant throughout the depletion region. From
the slope of the line the carrier density can be calculated

as follows,

~d(1/C%)/AV = 2/(ere,(Ny-Np)a?]
or

Na-Np = [2/(exea®)] [-1/{d(1/C%)/dV)]) —=——-=-- (11)

The intercept on the voltage axis corresponds to the
built in voltage (Vi) and hence the barrier height

(¢,) can be determined using the relation



where Vp is the potential difference between the Fermi
level (Ep) and the valence band (Ey), which can be

deduced from the impurity concentration as follows,

Vp = (KT/e) 1n (Ny/Np) —=-=-=--=--—---- (13)
where,
N, is the density of states for valance band

K is the Boltzmann constant

N, is the impurity concentration

In addition to the CV analysis, current voltage (IV)

behavior of the Schottky diodes were studied on the basis

32

of thermionic emission theory. The basic Schottky model for

IV relationship is given by the equation,

J =Jg [exp (eV/nKT) = 1] --—=====-—= (14)
here,
J is the current density
Jg is the reverse saturation current density
n is the ideality factor
v is the applied voltage
e is the electronic charge

K is the Boltzmann constant
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T 1s the temperature

J. 1s determined from the thermionic emission over the

s

barrier ¢, and can be written as,

Je = A% T2 exp(e ¢ /KT) --—====m--—- (15)

=

and A*, the effective Richardson constant is given by,

A¥ = (4 x e m* XK%) / 13

m* being the effective mass and h Plank’s constant.

Taking logarithm of equation (14) we get,
ln J = 1In Jg + eV/nKT

Plotting 1ln J versus V, gives a straight line with
e/nKT as the slope and 1n J_ as the intercept. From these
two values the ideality factor n and the barrier height

¢, can be calculated.

Deep level transient spectroscopy measurements on InP
samples were made on Schottky diodes. The diodes were

mounted on TO-18 headers and placed in a liquid nitrogen

cooled crystal (Oxford Instruments), which has the
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capability of scanning temperature from 77°K to

500°K. The measurement system is shown in Fig.(9). A
modified Boonton 72BD capacitance bridge was used with a 1
MHz test fregquency. The output signal of the bridge was
digitized using a storage scope (Tektronix 7D20) with
averaging capabilities. The averaged signal was then sent

to a computer (Tektronix 4050) for storage and analysis.

The data consist of records of a series of capacitance
transients at various temperatures. The stored transients
are sampled at different times, providing different rate
windows using the two channel boxcar method. The ratio of
the two sampling times t,; and t, was maintained
constant, such that t,/t; was equal to 4. The data are
fitted with the corresponding peak maxima to the equation
for hole emission rate using the least square method. A
semilog plot of the thermal emission rate versus 1000/T
gives the Arrhenius plot of the trap levels. The thermal
activation energy is calculated from the slope and the
capture cross section from the intercept of the resulting

straight line.

Figure (10) represents the Arrhenius plot of FET6AF
which is sit implanted GaAs sample and is used as a

calibration standard in this work. EL2 denotes the electron
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FIG. 9. Block diagram of the measurement system.
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trap in VPE grown GalAs, measured by Martin et. al. (61).
EB3 and EB4 are defects from jion-implantation reported by
Bell labs (61). Open circles and squares are data points
taken by using the OGC DLTS system. The points do not fit
the calibration line because of field enhanced emission.
When the doping level exceeds 107 cn”3 and the applied
voltage is above -3V, the electric field has a great

influence on the thermal emission rate of trap. Reference

(62) has a detailed discussion of electric field effects on

thermal emission of traps in semiconductor junctions. As
result highly doped material could not be characterized by
the DLTS measurements. Low doped material exhibited Metal
Insulator Semiconductor (MIS) behavior. Hence there were
problems in measuring both low and high doped materials by

DLTS.
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CHAPTER 5

RESULTS AND DISCUSSIONS

As discussed in the previous chapter, CV and IV

measurements were used to study the electronic properties

cf InP epitaxial layers.

CV Analvysis

The CV measurements were employed to determine the
carrier concentration using equation (10). Fig. (11A and B)
show the results of l/C2 versus V for samples InP-23,
InP-20 and InP-59. The deviation of these curves from
straight lines might be due to stray capacitance,
leakage current or high series resistance . The problem of
series resistance is more serious in thin epitaxial layers
on insulating substrates. Deep levels also commonly distort
the profile due to trapping effects. The net carrier
concentration was calculated using the linear portion of
l/C2 Versus V plot and these values are tabulated in
Table III. Acceptor concentrations for the Au-InP diodes

range from 1015—10120m-3, and tend to be quite low

for several of the diodes.
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The intercept of 1/C2 Vs. V with the abcissa yields

values for the built-in voltage (Vp;). This voltage is
represented schematically in Fig. (8). It is related to the
barrier height 4., by the ;elation given in

equation (12), namely,

% = Vpi * Vp

where Vp is the distance of the Fermi level from the
valence band and can be calculated using equation (13). In
equation 12, the Schottky barrier lowering term has been
neglected. The baffier height ¢, has been

calculated for well-behaved Schottky diodes and is shown in
Table III. This is done because the values of ¢y

are reliable for the diodes that do not exhibit MIS
behavior. For instance, the barrier height of InP-23 is
calculated to be 0.75 eV which is in agreement with the

0.76 eV measurement made on vacuum cleaved material

reported in reference (60).

The CV curve of the lighter-doped material exhibited
MIS-like behavior. Fig. (12) represents the typical high
frquency response of a MIS structure. The doped
semiconductor is most probably the area directly under the

annealed ohmic-contact and the insulator is that under the
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InP 20[4.19x101°
InP 23|7.32x101°%| 0.50 0.75
InP 57|5.62x1013
InP 59|2.09x1012

InP 61|5.97x10%4

——— e h —— e T — —————

44



e

gy
1

ot i
A

bR Aty

Ay

45

Schottky contact. Due to the capacitance associated with
the insulator, a plot of 1/C2 Vs. V cannot be used to
obtain meaningful values of barrier height (€3). However,
the functional form of equation (10) holds as long as the
diode is operated in the depletion mode and the slope of
1/C2 Vs. V plot is still the same as that given in
equation (10). This analysis gives a value of Np of

2x10¥%cm”™3 for Inp 59, as indicated in Table III.

Figure (12) also exhibits hysteresis. This effect was
observed in all the_diodes and is most likely Qdue to deep
levels in theinsulator or is due to defects existing at the
interface between InP semi-insulating substrate and InP

epitaxial layers.

Unlike the other diodes in Table III, the 1/C% Vs. V
curve of InP-61 was not a straight line indicating a
non-uniform doping profile. This is probably due to the
effect of the depletion region meeting the semi-~insulating
(SI) substrate which in turn increases the series
resistance that is inherent in the case of epitaxial layers
grown on SI substrates. As the InP samples are p-type
epilayers grown on SI substrates, there exists a depletion
region between the substrate and the epilayer. Although,

these InP epilayers are 3-4um thick, for low-doped
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material the depletion region extends all the way to the
substrate with increasing reverse bias. This causes
anomalies in CV profiling because the measured capacitance
is less than the actual depletion layer capacitance. The CV
analysis in the presence of series resistance is given in
reference (64). However in this work, for Inp 61, a tangent
was drawn on the 1/C2 Vs. V plot to calculate the values

of Np. The value is included in Table TIIX.

Next, a log-log plot of the net acceptor concentrations
obtained using CV, as a function of CP,Mg input flux is
shown in Fig. (13). This does not agree with the results
reported in the photoluminescence (PL) study, done by F. R.
Bacher (58, 59), on some of the samples used in this work.
In the latter method, the net carrier concentration was
derived from the PL linewidth measurements, which is shown

in Fig. (14).

Acceptor concentrations from photocluminescence
linewidths are determined from calibrated standards. These
standards are samples in which the acceptor concentration
has been determined using other techniques, like Hall
Effect. Hall Effect is a measurement of the hole carrier
concentration and not that of net acceptor concentration
and hence is temperature dependent. The PL linewidths, on

the other hand depend upon the Donor-Acceptor and



FIG.

3.

47

.0e+lé6 g————T——T~ﬁ—T6rTTTT————ﬁ—*~r*T—Tﬁ—rr§
E InP-23 OInP~20 .
5 O InP~61 3
-
.De+l14 & ?
E o InP-57 3
4
.0e+13 3
7
{ O|I7;2P_l‘sglllll A |411j
'Oeﬂf%e“04 1.0e-03 1.0e-02
[Cp Mg]/[TMIN]
2

Net acceptor concentration in InP:ig Vs, CpZMg/TMIn ratio
using CV analysis.



FIG.

48

!
1019 |— ]
1018 | B
o
t
E
2
- © 1ap 24
=
t
< . |
Z o'} InP 20
(016 [~ B
1
[0-4 10-3 10-2
[Cp2Mg]
[TMIn]

14. Net acceptor concentration in InP:Mg Vs. szMg/TMin

ratito



s
wld i

Conduction band-Acceptor transitions which are transitions
that cannot be separated and, are dependent on the values

of both Np and Np. These transitions are related to

.acceptor banding and the movement of the Fermi level into

the band. This happens when the material is doped heavily
to degeneracy (>1018cm_3) and hence this technique is

not accurate for concentrations below 1018cm™3.

CV measurements are also weak, in that the actual area
cannot be determined accurately. Equation (10) depends on
the square of the area and on Np-Np as well. Because
the area of Au-InP diodes used is quite large (1 mm
diameter), small inhomogeneities of the acceptor
concentration may exist under the diode. Inhomogeneities in
the Au layer thickness may also exist. The large areas of
less charge (small Np) have a dominant effect on the
capacitance and smaller areas of greater charge have
minimal effect. The exact extent of this effect is
difficult to model. This is because the magnitude of the
inhomogeneities in the acceptor concentration of the sample
causing fluctuations in the charge under the diode is not
clear. Even with these problems involved in the CV
measurements the net acceptor concentration calculated by
this method can be taken to represent an average of Np in

the diode.

4%
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IV Analvysis

The IV data was used to calculate the barrier height
(¢,) and the ideality factor (n) using equations
(14, 15). Fig. (15) shows the IV characteristics of one of
the samples. ¢, and n were calculated to be 0.49V
and 3.1 respectively. The large deviation of the ideality
factor from unity is probably due to ohmic losses from
Au-Zn ohmic contact. Low resistance contacts to p-type InP

are not easily obtainable (65).

Comparing the values of ¢ calculated from both
IV and CV measurements, it is seen that ¢,  is
considerably less in the former method. This discrepancy
may again be due to inaccuracy in the measurements of the
effective area of the diode. In CV analysis, as was
mentioned earlier, a small area of high charge under the
diode has only a small contribution to the total
capacitance. In the case of IV analysis, however, the
effect is opposite. The area of the diode which has a
larger density of accepters has a lower resistance, which
may act as a direct shunt for current flow. This effect
alsc depends on the area of the inhomogeneity. Thus the
measured area in the IV analysis is not the true area of

the diode. Reference (66) shows this type of discrepancy
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where the value of ¢, measured by CV is greater

than that measured by IV.

Defects in InP:Mqg

A photoluminescence study was done by F. R. Bacher on
some of the InP:Mg samples which revealed the presence of
deep levels at doping concentrations higher than
1017¢cnp™3 (58, 59). Fig. (16) represents the PL spectrum
of OMVPE InP:Mg. The measurement temperature for each
sample was 77°K. The broad emission seen in spectra
(e) corresponds to Mg-related deep defects in the bandgap.
These transitions peaked further interest in the deep
defect structure of InP:Mg. However photoluminescence does
not give any information on the concentration of these
levels or trap parameters such as capture and emission

information and therefore DLTS measurements were performed.

Figure (17 A-C) show the DLTS spectra of medium-low
doped InP:Mg samples. These represent the spectra of
different samples doped with various amounts of Mg. The
rate window used for the measurement of the spectra in Fig.

(17 A-C) is 5.863x10 %s™ L,

Three different peaks are observed around the same
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temperature (-80°C) and hence represent the same trap

as shown in Fig. (17 A-C). As this trap is observed in four
out of five samples tesed, it is believed to be an inherent
defect and not an accidental contaminant. The Arrhenius
plot of all these samples are combined and a straight line
is fitted to selected data points, using the least-square
method. Fig. (18) represents this plot from which the
activation energy and capture cross section are calculated

to be 0.31 eV and 3.17x10 17cm?

respectively. This trap
will be refered to as H(0.31). The summary of DLTS
parameters is given in Table IV. It should be noted that
the trap concentration of H(0.31) in Fig. (17 C) is very
low (1 part in 1010) and there is a lot of noise which
makes it difficult to observe. The resistivity of the
sample is high as the dopant density is low and hence trap
re-filling becomes difficult. In spite of all these

problems, a fairly well-behaved Arrhenius plot is obtained

for this trap.

Figure (19) shows the log-log plot of Cp,Mg/TMIn Vs.
trap concentration of B(0.31). Increase in Mg/In ratio does
show some apparent change in concentration of H(0.31),
however it is weak and hence does not represent a DX
center, where a much stronger dependence on free carrier

density is usually observed. The traps H(0.54) at -359%
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4.19%101°
7.32x1013
5.62x1013

2.00x1032

5.97x1014

TARLE IV.

H(D.31)
H(0.31)
H(0.31)
H(0.54)

H(1.16)

Summary of DLTS parameters.

Activation
Energy
E, (eV)

Capture
Cross section

3.17x10” 17
3.1710717
3.17x107Y7

3.17x10” Y7

1.52x10" 14

2.7x1077

Trap
Concentration

6x1013-2%1014
1-3x1012
1-4x1p12

5x1013-2x1014
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and H(1.16) at 409¢ observed in this study are not found
in all the samples and are probably due to contaminants.
H(1.16) occured above room temperature and as

100-350%K is a typical temperature range for emission

of carriers from interface states, this was verifiedas
follows (68). First the pulse voltage (aV) was

maintained at 1V, while the quiescent reverse bias (V)
was changed. The presence of interface states would shift
the peak of the DLTS spectrum to lower temperatures. Next;
Vr was kept constant and AV was altered. Here the
presence of interface states would increases the peak
height. Neither of these effects were observed in H(1.16).
Hence it is concluded that the defect in InP-61 was bulk

and not due to interface defects.

Before coming to a conclusion about the physical
identity of the trap H(0.31), it is compared with the traps
reported in the p-InP literature. For instance, a trap with
activation energy 0.22 eV has been observed by DLTS in both
LPE and VPE grown InP:2n (38, 40). This defect has been
identified as impurity-phosphorous vacancy complex in the
LPE grown material and as a residual impurity in the VPE
grown material. This trap has been seen in the temperature
range 120-273°K, which is close to the range in which

H(0.31) was observed. The capture cross section of H(0.22)
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measured by J. L. Pelloie et. al. is 0.1x10 3%cm? (38)

and that reported by Inuishi is 0.04x120"1%cm? (40). In
addition to H({0.22), Inuishi has found H(0.29), H{(0.40) and
H(0.50) in VPE grown InP with capture cross sections of

4x10”16, 4x1071%cm? and 3x10 1€cm?

respectively.

He has identified these traps also as residual impurities.
Since many more traps are observed in the VPE material as
compared to the OMVPE material of this study, it is
believed that H(0.31) is not a residual impurity, but is
either an isolated native defect or a Mg-native defect
complex. To determine whether the trap is an isolated
defect or a magnesium-related complex, the results are
compared with those reported in the literature. If the trap
is found in all p~type InP samples listed in Table I,
regardless of the type of dopants and the growth methods
used, the trap 1s an isolated native defect. If, however,
the defect is unique to the OMVPE InP, it is related to the
dopant used. It is seen that H(0.31) is quite different
from the traps observed in the past and hence it cannot be
an isolated defect. H(0.21) has been found in
Vanadium-doped InP codoped with Zn using PL, DLTS, DLOS and
absorption experiments (34, 35, 36). This defect has been
identified as vanadium-related defect. Hence H(0.31) is

ascribed to Mg-related defect.



CHAPTER 6

CONCLUSIONS

Defects in Mg-doped InP grown by OMVPE have been
investigated using DLTS. This characterization techniqgue
has been found to be very versatile in providing
information about the trap parameters like the activation
energy, capture cross section, density and nature of the

trap.
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The electronic properties of these InP epitaxial layers

were studied using CV and IV measurements. The net carrier

concentration, barrier height and ideality factor were
calculated from these measurements. The net acceptor
concentration was in the range of 1012 to 1015 cm_3,
the barrier height was measured to be 0.75 eV from CV

analysis and about 0.49 from IV measurements for one of

these samples. The ideality factor was about 3.1.

The DLTS measurements revealed three hole traps with
activation energies of 0.31, 0.54 and 1.16eV. The capture

cross sections of these traps were calculated to be

1.7x1071%, 1.5%107** and 2.7x1077 cm? respectively.
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The trap concentration ranged from 1012-301 cm” 3.

These trap characteristis were compared to that
reported in the 1literature on p-type InP, and the physical
identity of the traps observed in this work are speculated.
The trap B{(0.31) 1s ascribed to a Mg-related complex and
H(0.54) and H(1.16) are thought to be caused by

contaminants.
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