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AFWAL-TR-84-1032
FOREWORD

This report covers the work performed under Task 2306R101, from
1 October 1979 to 1 October 1983. The objective of this task is to
completely characterize the electronic impurity and defect structure of
111-V semiconductors, including selected ternary and quaternary compounds.
Emphasis is given to characterization of residual impurities, native
defects, impurity dopants, and concentration profiles in high purity and
doped epitaxial layers and meltgrOwn substrate crystals. The homogeneity
of impurities and lattice imperfections as well as the electronic defect
structure at surfaces and interfaces of these materials is also investi-
gated. A major part of the effort is devoted to impurity and defect
characterizations in GaAs and InP materials required for high frequency
microwave and opto-electronic devices such as diodes, power sources,
high power FET's, digital processing systems, laser diodes, optical light
guides, and infrared detectors.

The principal contributors to the task effort during its existence
were the following:

D. C. Reynolds, Task Manager

C. W. Litton, Research Scientist

E. B. Smith, Research Scientist

Most of the research has been reported in a series of papers pub-
lished in the scientific literature; these are referenced at the end of
each section. This research was performed at the Avionics laboratory,
Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force
Base, Ohio 45433.
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AFWAL-TR-84-1032
SECTION I
CHARACTERIZATION OF III-V COMPOUND SEMICONDUCTOR DEVICE MATERIALS

1. INTRODUCTION

Sophisticated characterization capabilities are essential in order
to satisfactorily analyze high purity semiconductor materials. The
electrical properties of semiconductors have a long history of extensive
investigation. As the investigations of semiconductors were extended
to wider band gap materials electrical measurements were not as readily
applicable. This coupled with the understanding of excitons and their
contribution to the elucidation of materials properties in the 1960's
lead to a wide application of optical studies to semiconductor materials.
It was found that these materials reflect, absorb, disperse, scatter and
radiate light, and in general interact strongly with the electromagnetic
radiation field. Because of this strong interaction many of the funda-
mental properties of these materials such as their energy band gaps,
activation energies of defects and foreign impurities, effective mass
parameters, refractive indicies, dielectric functions, exciton binding
energies, and lattice vibration frequencies can be determined from optical
experiments.

The technique of high resolution optical absorption, reflection,
and photoluminescence spectroscopy has been extensively used to analyze
the intrinsic energy band parameters of semiconductors, as well as their
impurity and defect states. Intrinsic or free exciton formation is
observed in most well formed crystal structures when optically excited
with the proper energy and at cryogenic temperatures. The free excitons
have been applied with a great deal of success in probing the intrinsic
band structure of semiconductors. Bound excitons have been applied j‘jf
successfully in probing the impurity and defect structure of many of E}fﬁ
these same materials. The free exciton is the probe in this case, -
becoming bound to various chemical impurities, lattice defects and

~—

complexes to form bound states whose subsequent radiative decay yields e
information concerning the electronic states of the impurities and 3;§ﬁ
defects in these materials. Magnetic field splittings of the bound L
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exciton transitions make it possible to differentiate between neutral

' and ionized donor and acceptor impurities. In conjunction with systematic

f impurity doping experiments, specific donor and acceptor impurities can

: be identified. Upon application of stress fields, in conjunction with a

i knowledge of the energy band structure of the host lattice, it is also

; possible to differentiate between simple substitutional donors and
acceptors and complexes comprising combinations of impurities and/or
defects.
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SECTION I1

HIGH RESOLUTION OPTICAL AND MAGNETO-OPTICAL CHARACTERIZATION

1. OPTICAL CHARACTERIZATION

Reflection, emission, and absorption in solids has long been studied.
Intense photoluminescence is observed in many semiconductors at low tem-
peratures. When spectrally analyzed, this photoluminescence provides an
extensive source of experimental data which contributed to the ultimate
identification of the electronic states of impurities and defects in
these semiconductors. Many sharp lines appear in such spectra, par-
ticularly from bound excitons, which provide a "finger print" of the
impurities and defects which are present in the semiconductor lattice.

The exciton is the probe in this case, becoming bound to various
impurities, defects, and complexes and the subsequent decay from the
bound state yields information concerning the center to which it was
bound. Early photoluminescent investigations were primarily centered on
free to bound and bound to bound transitions such as the so called “edge
emission" studies which gave rise to relatively broad emission. In the
1960's the effort shifted to more intensive studies of the sharp-line
emission, aimed at identifying the bound exciton impurity transitions
and at achieving a better understanding of the residual impurity and
defect structure of semiconductors which have application in the
electronic industry. The magnetic field splittings of these sharp line
transitions make it possible to differentiate between neutral and ionized
donor and acceptor impurities. In conjunction with systematic impurity
doping experiments, specific donor and acceptor impurities may be
jdentified.

The behavior of these sharp line transitions in perturbing magnetic
and strain fields make it possible to differentiate between simple sub-
stitutional donors and acceptors and complexes composed of combinations
of impurities and or defects.

The electrical properties of semiconductors has a long history of
extensive investigation. Many of the basic properties of these materials
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were determined from electrical measurements. As the investigations of

semiconductors were extended to some of the larger band gap materials,
electrical measurements were not as readily applicable. This coupled ;f;;#
with the understanding of excitons and their contribution to the . if;f

elucidation of material properties in the 1960's lead to a wide applica-
tion of optical studies to semiconductor materials. It was found that
these materials reflect, absorb, disperse, scatter, and radiate light

and in general interact strongly with the electromagnetic radiation field.
Because of this strong interaction many of the fundamental properties of
these materials such as their energy band gaps, activation energies of

-t

defects and foreign impurities, effective mass parameters, refractive ';fir
indicies, dielectric functions, exciton binding energies, and lattice 1f}ff
vibration frequencies can be determined from optical experiments. These '“f?
experiments cover the electromagnetic spectrum, ranging from the vacuum :f::
ultraviolet to the far infrared. Over the past two decades, optical SR
spectroscopy has been increasingly employed for the study and measurement ;fﬁf?
of semiconductor properties and has ultimately become a very powerful ?:fﬁ

experimental tool.

The technique of high resolution optical absorption, reflection,
and photoluminescence spectroscopy has been extensively used to analyze
the intrinsic energy band parameters of semiconductors, as well as their
impurities and defect states. Intrinsic or free exciton formation is
observed in a most well formed crystal structure when optically excited
with the proper energy and at cryogenic temperatures. The free excitons
have been applied with a great deal of success in probing the intrinsic
vand structure of semiconductors. Bound excitons have been applied
equally successfully in probing the impurity and defect structure of
many of these same materials.
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2. INTRINSIC EXCITON SPECTRA AND BAND STRUCTURE ]

The intrinsic fundamental gap exciton in semiconductors is a
hydrogenically bound hole-electron pair, the hole being derived from the
top valence band and the electron from the bottom conduction band. It
is a normal mode of the crystal created by an optical excitation wave, oA
and its wave functions are analogous to those of the Block wave states N

.
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of free electrons and holes. When most semiconductors are optically

excited at low temperatures it is the intrinsic excitons that are excited.
The energy of the ground and excited states of the exciton lie below the
band gap energy of the semiconductor. Hence, the exciton structure must
first be determined in order to determine the band gap energy. The

exciton binding energy can be determined from spectral analysis of its
hydrogenic ground and excited state transitions. Precise bandgap energies
can be determined by adding the exciton binding energy to the experimentally
measured photon energy of the ground state transition.

Both direct and indirect exciton formation occurs in semiconductors,
depending on the band structure. The latter is characteristic of germanium
and silicon. For indirect optical transitions, momentum is conserved by
the emission or absorption of phonons. The detailed nature of the valence
band structure of degenerate and nondegenerate semiconductors is elucidated
by understanding the intrinsic exciton structure of these semiconductors.

3.  NONDEGENERATE SEMICONDUCTORS

Nondegenerate semiconductors are typified by those materials that
belong to the wurtzite crystal structure. This is a uniaxial structure
belonging to the CGV crystal space group. The early detailed studies of
the intrinsic exciton spectra of crystals having this structure were
concentrated on the II-VI wurtzite class of semiconductors, the first
work being done on CdS.

A detailed study of the absorption edge of CdS in the temperature
range 90-340 K was made by Dutton (Reference 1). The dichroism reported
by Gobrecht and Bartschat (Reference 2) and also by Furlong and Ravilious
(Reference 3) was clearly demonstrated. Dutton was unable to account
for the source of the dichroism but felt that the absorption near the
edge was due to exciton transitions. Gross and co-workers (References
4-6) studied the absorption near the edge on CdS at 4.2 K. They attributed
the short-wavelength intrinsic absorption lines to exciton transitions.
Birman (Reference 7) attacked the problem from a theoretical point of
view. Assuming a tight binding approximation in conjunction with group
theory, he arrived at the irreducible representations, band symmetries,
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and selection rules for the wurtzite structure. If one considers the
absorption (emission) of electromagnetic radiation by atoms, and
probability of the occurrence of a transition between two unperturbed
states v, and v as caused by the interaction of an electromagnetic
radiation field and a crystal is dependent on the matrix element

*

S Hy LY dr (1)
where H; . is the dipole moment operator
H, . =8 a.g (2)

int imc

In order for an electric dipole transition to be allowed, the above matrix
element between the initial and final states must be nonzero.

In the case of transitions between two states of an atom (which is
in a crystalline field), the initial and final states of the atom are
characterized by irreducible representations of the point group of the
crystal field. Also the dipole moment operation must transform like one
of the irreducible representations of the group. If one denotes the
representations which correspond to the initial and final states of the
transition and to the multipole radiation of order S(S = 0 for electric
dipole radiation) Fys T'g» and rr(s), respectively at k = 0, then the
matrix element in Equation 1 transforms under rotations like the triple
direct product

Te X T, X Ty (3)

The selection rules are then determined by which of the triple products
in question do not vanish.

The dipole moment operator for electric dipole radiation transforms
like x, y, or z, depending on the polarization. When the electric vector
£ of the incident light is parallel to the crystal axis, the operator
corresponds to the Fl representation. When it is perpendicular to the
crystal axis, the operator corresponds to the Ty representation.

if=;}
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In the tight binding approximation, the wave functions at the center L
of the Brillouin zone are taken to be linear combinations of atomic wave -
functions. In CdS it is assumed that the bottom of the conduction band R
is formed from the 5s levels of Cd, and the upper valence bands are formed Ej;j
from the 3p levels of sulfur. Since the crystal has a principal axis, §;j?
the crystal field removes part of the degeneracy of the p levels. Thus, s
disregarding spin-orbit coupling, the following decomposition at the
center of the Brillouin zone is obtained:

conduction band S » r] :
PX' Py+ I‘s

valence band Pz > Ty

Introducing the spin doubles the number of levels. The splitting .ie

caused by the presence of spin is represented by the inner products
I‘5xD1/2+I‘7+I‘9
FIXD1/2+F7 ':—-

and the band structure at k = 0 along with the band symmetries and
selection rules is shown in Figure 1. This band structure could readily e
account for the dichroism observed in CdS and other wurtzite-type o

structures. B
]
NO SPIN ORBIT SPIN ORBIT
€Enel -0, E(ne) 53-0
E(ic) =T, El1c) {::::;: -

~~\‘_l'.___l'r—-.|r1

GAP GAP k.:_. '

|1} ry—=h >t
e —‘1(———1{
{ “L_dr, -
\ L -
(S 3 NP A, _‘L\ -dr, R
acmyst ss0 e

22000 e
BAND STRUCTURE, SELECTION RULES, W C

Figure 1. Band Structure and Selection Rules for the Wurtzite Structure.
Crystal splittings and spin-orbit splittings are indicated
schematically. Transitions which are allowed for various
polarization of photon electric vector with respect to crystal
c axis are indicated (Reference 7).
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4. DEGENERATE SEMICONDUCTORS

Materials that crystallize in the diamond or the zinc blende
structures are representative of degenerate semiconductors. Two materials
that have been extensively investigated and are characteristic of direct
degenerate semiconductors are GaAs and InP. These materials crystallize
in the zinc blende structure which has sz space group symmetry.

The dipole movement operator for electric dipole radiation in zinc
blende structures transforms 1ike Ty The conduction band is S-like
while the valence band is P-like. This structure does not have a
principal axis, therefore, the crystal field energy is zero and the full
degeneracy of the P-levels is retained. Thus, disregarding spin orbit
coupling, the following decomposition at the center of the Brillouin
zone is obtained:

Conduction band S -~ Ty

Valence band P -~ ra

Introducing the spin doubles the number of levels. Consider the I
S-1ike conduction band and the triply degenerate P-like valence band.
The states at the center of the Brillouin zone, which belong to Pl and
rq representations of the single group, are shown in Figure 2. The
splitting caused by the presence of spin is represented by the inner
product as follows:

F] X D]/2 »> P6
. F4 X D3/2 > P7 + r8

Physically this result means that the six valence band states,
consisting of the three P-like states each associated with one or the
other of the two spin states, and which are degenerate in the absence of
spin-orbit interaction, now split into two levels one having Iy symmetry
and the other having g Symmetry. The Tg Tevel is fourfold degenerate
while the Ty level is twofold degenerate. In atoms, it is known that
the fourfold degenerate state P3/2 has greater energy than the doubly
degenerate P1/2 state. It is also known that the greatest contribution
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to the spin-orbit energy comes from the atom core therefore, it is likely
that the splitting in crystals will be similar to that in atoms. This
would result in the g level lying above the Iy level as shown in Figure 2.

SPIN ORSIT I NO SPIN ORBIT

NO POLARIZATION

uk‘§w__3*~___ AR
PUET
GAP GAP ». ..
Ler— 1
. o
- [ od -
430

12000

BAND STRUCTURE, SELECTION RULES, 20

Figure 2. Band Structure for the Zinc Blende Crystal Structure.
Spin-orbit splitting is indicated schematically
(Reference 7).

5. DIRECT EXCITONS IN DEGENERATE SEMICONDUCTORS

The direct exciton at (K = 0) is formed by an electron in the con-
duction band of symmetry Ig (J = 1/2) and a hole in the valence band of

symmetry I'g (J = 3/2). Excitons formed in this way will have the sym- ;iiii
metries (r6 X r8) =T3+ Ty +rs. ;::::
The j - J coupling scheme results in two excitons one with total ;Egﬁf
effective spin j = 1 and the other with effective spinJd = 2. The J =1 iii;;
and J = 2 exciton states are split in zero field due to the electron :,iii
hole exchange energy. The J = 1 states are optically allowed in zero e
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field; the J = 2 states are not. When a magnetic field is present, the
J = 2 states may be optically allowed due to the mixing between the states
of |J =2, M; = 1, 0> and 9 =1, My = £ 1,0>. This is shown for the

case of GaAs in Figure 3. %
R -

173 '-'..'4-"".

3 ]

E.Aus~ o

2 R

w RS

1.5183 RN

° o 0 6 e .ngf

MAGNETIC FIELD (G) S

Figure 3. Energy of the Ground State Free Excitons in GaAs as a o ad
Fu?ction of Magnetic Field -, Calculated Values (Reference )

17). B

A great deal of interest as well as considerable effort has been i;iﬁ
devoted to understanding the free-exciton energy spectrum of zinc-blende- }ij
type semiconductors (References 8-18). This work has included both posnin

theoretical and experimental investigations both in zero field and with ’fﬁf
an external magnetic field applied. The ground states of the free exciton
have been rather extensively investigated, however, the excited states

of the free exciton have not received as much attention. The two materials

from which the greatest amount of data have been recorded are GaAs and ?jjf
InP.

6. EXTRINSIC EXCITON SPECTRA

Bound exciton complexes or impurity exciton complexes are extrinsic T
properties of materials. These complexes are observed as sharp line

optical transitions in both photoluminescence and absorption. The bound
complex is formed by binding a free exciton to a chemical impurity atom

(ion), complex, or a host lattice defect. The binding energy of the o
exciton to the impurity or defect is generally weak compared to the free S;gj
exciton binding energy. The resulting complex is molecular-like (analogous 5i:§
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to the hydrogen molecule or molecule-ion) and bound excitons have many
spectral properties which are analogous to those of simple diatomic
molecules. The center to which the free excitons are bound can be either
neutral donor and acceptor centers or ionized donor and acceptor centers.
The emission or absorption energies of these bound exciton transitions
are always below those of the'corresponding free exciton transitions due
to the molecular binding energy.

The sharp spectral 1ines of bound exciton complexes can be very
intense (large oscillator strength). The line intensities will, in
general, depend on the concentrations of impurities and/or defects present
in the sample.

The theory of “impurity" or defect absorption intensities in semi-
conductors has been studied by Rashba (Reference 19). By use of the
Fredholm method (Reference 20), he finds that, if the absorption
transition occurs at k=0 and if the discrete level associated with the
impurity approaches the conduction band, the intensity of the absorption
line increases. The explanation offered for this intensity behavior is
that the optical excitation is not localized in the impurity but
encompasses a number of neighboring lattice points of the host crystal.
Hence, in the absorption process, 1ight is absorbed by the entire region
of the crystal consisting of the impurity and its surroundings.

In an attack on the particular problem of excitons which are weakly
bound to localized "impurities", Rashba and Gurgenishvili (Reference 21)
derived the following relation between the oscillator strength of the
bound exciton Fd and the oscillator strength of the intrinsic excitons
fex' using the effective-mass approximation

Fg = (Eg/1E[Y/2%,, (4)

where EO=(2h2/m)(n/no)3/2. E is the binding energy of the excitation to
the impurity, m is the effective mass of the intrinsic exciton, and 90
is the volume of the unit cell.

It has been shown in some materials that Fd exceeds fex by more
than four orders of magnitude. An inspection of Equation 16 reveals
that, as the intrinsic exciton becomes more tightly bound to the associated
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center, the oscillator strength, and hence the intensity of the exciton

PR complex line, should decrease e
- 1 372
& L c\TE) o
5; In magnetic fields, bound excitons have unique Zeeman spectral E{S{

characteristics, from which it is possible to identify the types of
centers to which the free excitons are bound. Bound exciton spectroscopy
is a very powerful analytical tool for the study and identification of
= impurities and defects in semiconductor materials. It ‘has been employed
o rather extensively over the last few years for the characterization of s
t' materials, many of which have been used in practical device applications
such as solid state lasers, light emitting diodes, and a variety of micro-
wave devices.

i It is convenient to describe the details of bound excitons in
o0 relation to the particular crystal lattice which provides their environ-

= ment .

e 7. ACCEPTORS AND DONORS IN GaAs )
_$3 The shallow acceptors in GaAs have binding energies approximately ﬁfj;
L five times larger than the donor binding energies. The larger binding -

energies have permitted accurate determination of the binding energies
iy of the different shallow chemical acceptors. The acceptor energies were
ﬁg optically characterized by Ashen, et al. (Reference 22) using bound
E exciton transitions as well as free to bound transitions. The energies
they obtained are given in Table 1.

r The shallow donors in GaAs have been considerably more difficult to

}§ characterize. From high-resolution, Fourier transform infrared (FTIR) e
- magneto-spectrographic studies, which employed the modulated photo- R
- conductivity detection technique to monitor the 1s + 2p_1 transitions of Eizf
'42 isolated hydrogenic donors in a fixed magnetic field, Stillman, et al. i;i:
‘2 (Reference 23) have detected three residual donors in high purity vapor '}?E
- phase epitaxial (VPE) GaAs, while Stradling, et al. (Reference 24) have Y

found the same number of residual donors in liquid phase epitaxial (LPE)
material. Wolfe and coworkers (References 25, 26) have performed similar
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TABLE 1

ENERGIES OF SPECTRAL LINES IN GaAs

Bound

Observed Exciton (1S) Binding Energy

Free-to-Bound (1.5 doublet) 153/2

Transition (5K) Centre) (Ground State)
Acceptor (eV £ 0.3 meV) (ev £ 0.05 meV) (meV)
Carbon 1.4935 1.51242 26.0
Siticon 1.4850 1.51235 34.5
Germanium 1.4790 1.51266 40.4
Tin 1.349 1.50677 171
Zinc 1.4888 1.51228 30.7
Cadmium 1.4848 1.51232 34.7
Beryllium 1.4915 1.51240 28.0
Magnesium 1.4911 1.51240 28.4

spectral measurements in conjunction with back-doping experiments in VPE
GaAs and have identified one of the residual donors as silicon on the
gallium site (hereafter denoted as xz). The other two residual donors
(denoted as X1 and x3) could not be given a definite chemical identifica-
tion; however, it was suggested that X; was probably due to carbon on a
gallium site (Reference 26) and speculated that X1 might have arisen
from a native defect, possibly a Ga-vacancy (References 25, 26). Follow-
ing a procedure similar to that of Woife and coworkers, Ozeki, et al.
(Reference 27) have attempted to identify the residual donors in VPE
GaAs. Their assignments, however, differ from those of Wolfe, et al.
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(Reference 26); moreover, the binding energy of the silicon donor they

measure is smaller than that determined by Wolfe, et al. (Reference 26).
Recently Afsar (Reference 28) and co-workers have initiated a systematic
effort to identify the residual donors in VPE GaAs by means of FTIR mag-
neto-spectroscopy performed over a wide range of high magnetic fields.

Their preliminary results indicate that X2 and X3 are due to silicon and
germanium, respectively.

typical region is displayed in Figure 4. The line Dl' arises from un-
resolved radiative recombination of excitons bound to neutral donors in

Recently, Almassy, et al. have investigated
the radiative transitions associated with donor exciton complexes. A

which the donors are left in their ground states.

D,,(1.51410) D,,{1.51415)
E3(X;),(151007) 04.(1.51467)
Ey(Xy), (1.51014) D,.(1.51456)
E l E, (X,).(1.51020)
2 |
&
W
-
: /\ \/\
w
2
-
<
= |
W
[ 4
%10 x4
l i y i 1 1 ) 1 |
1.5100% 1.5102% 1.51420 1.51440 1.51460
ENERGY (eV)
Figure 4. Typical Photoluminescence Spectrum of High Purity VPE

GaAs in the Near Band Edge Region at -2 K.
of the various displayed transitions is explained in

the text.

The origin
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Since the differences between the binding energies of different donors
l in GaAs are very small (the maximum spread in the binding energies of
donors is at most 0.2 meV) it is not possible to resolve such transitions
which arise from the recombination of excitons bound to different donors.
Thus, if only one dopor were present, the peak marked Dl would represent the
! ’ resolved transition of that donor to its ground state. It has been
suggested that the'iines marked 02,03, and D4 arise from radiative
recombination of excitons bound to one or more neutral donors for the
case where the resulting donor exciton complex is initially in excited
; states, but it is not possible to calculate accurately the energies of
these states. Energies of such states have, however, been estimated
(Reference 29) by invoking a non-rigid rotator model as an approximation
to the donor exciton complex, a model in which these states are identified
A with the low-1ying rotational states of such system. The energies thus
obtained agree fairly well with observed values.

Thomas and Hopfield (Reference 30) observed transitions from bound
exciton states in CdS that were characterized by large magnetic field
splittings and negative diamagnetic shifts. They tentatively identified
these transitions as resulting from the collapse of a bound exciton which
. leaves the terminal state in an excited state. Subsequently a number of
' such transitions have been observed and identified (References 31,32,33-
38).

S | AR S

The origin of the line marked E3(X1) and on the lower-energy-side
of the D peaks, is attributed to such a mechanism. An exciton bound to
a neutral donor recombines when the complex as a whole is in the D3
excited state, leaving the donor electron in the first excited state of
an isolated neutral donor, as shown in Figure 5. In this process, the
emitted photon will have an energy which is equal to the energy of the
D3 line minus the energy of the above excitation. One can show from
symmetry considerations (group theoretic arguments, in particular) that
both the 2s and 2p states are allowed final states. However, the energies P
of the 2s and 2p states are so close to one another that it is not possible :
B to resolve them experimentally. Excited state transitions corresponding
to the complex in 01 and 02 excited configurations are also observed.

But the associated excited state transitions due to different donors
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(analogous to the D3 mechanism denoted above) are much more difficult to
resolve in the case of the Dy and D, excited configurations, owing to

the small separation between the Dl and D2 lines. If the final state of
excitation of the donor electron is assumed to be 2s, the difference
between D3 and E3(x1) is then the difference in energy between the 1ls

and 2s states of this donor. The binding energy of this donor can
therefore be calculated using a value of the impurity Rydberg, R; = §,737
meV, (which incidentally includes a contribution due to parabolicity of
the conduction band).

FINAL INITIAL

1.51007 oV
=== — 151014 ¢V
1.51020 eV

Figure 5. Schematic Representation of Radiative Recombination of
an Exciton in the Exciton-Donor Complex where the Final
State is the Donor in the Ground or in the Excited
Configuration.

This value was deduced from careful high resolution FTIR spectroscopic
measurements of the 1s -+ 2p_; transition of an isolated donor (Reference
23). Central cell correction to the 2s state is assumed to be 1/8 of

its value for the 1s state. The lines marked E3(X2) and 53(x3) arise

from similar transitions due to two other donors. From an analysis of

the spectral data, the binding energies of all three donors were calculated

16
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and are presented in Table 2, where the transitions E3(x1), E3(x2) and
E3(x3) are assigned to the previously designated X,, X, and X3 donors,
respectively. For comparison the values of the binding energy of these
donors as measured by two other groups using high-resolution FTIR magneto-
spectroscopy are shown. Although slightly larger, the values obtained

by Almassy, et al. agree rather well with those obtained by other groups.

TABLE 2

BINDING ENERGIES OF RESIDUAL DONORS IN VPE GaAs (UNITS OF meV)

Donor Measurement: Measurement: Measurement :
Designation Wolfe, et al. (5) Ozeki, et al. (6) Present Results
(FTIR) (FTIR) (Photoluminescence)
X1 5.601 5.795 5.804
X2 5.854 5.845 5.870
x3 5.937 5.949 5.978

If it is assumed that the final state of the donor is 2p rather
than 2s, then the values of the binding energy obtained by Almassy, et
al. for all three donors are identical to those of Wolfe, et al.
(Reference 26). The values of Ozeki, et al. (Reference 27) are quite
close to those of the other two groups, except that their chemical assign-
ments for these donors are different. As mentioned earlier, Ozeki, et
al. assign X, to silicon whereas Wolfe, et al. (Reference 26) and Cooke,
et al. (Reference 39) and recently Afsar, et al. (Reference 28) assign
XZ to silicon. In addition, Wolfe, et al. and Cooke, et al. assign X3
to carbon whereas Ozeki, et al. and Afsar, et al. assign X3 to germanium.
The donor x1 has not been chemically identified by any other group except
by Ozeki, et al. The samples used in the study made by Aimassy, et al.
were not intentionally doped, therefore it was not possible to propose
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: chemical identifications of the residual donors. The characterization
ii technique does however offer another approach to the problem of identify-
- ing residual donors in GaAs.

It should be pointed out that due to the extreme sharpness of bound
. exciton transitions and the use of a high resolution (~.007 meV) spectro-
!l graph, the excited state transitions due to different residual donors

are very well resolved. On the other hand, high-resolution Fourier trans-
form spectroscopic measurements require the application of fairly high
magnetic fields to resolve transitions due to different donors in VPE

GaAs and further require a theoretical analysis of the data in order to
derive the binding energies at zero field.

8. DONOR-ACCEPTOR TYPE COMPLEXES

Donor-acceptor pair spectra have been observed in a number of mate-
rials and are readily recognized by the complex line spectra that results.
Reynolds, et al. (Reference 40) have observed six different emission
lines in GaAs each of which behaves like a donor-acceptor type complex.
They combined strain patterns and magnetic field splittings with their
photoluminescent studies to aid in identifying these transitions. One
of these lines (1.51165 eV) will be discussed here.

The uniaxial strain patterns and electric dipole selection rules
were derived for lines arising from weakly bound exciton complexes in
uniaxially strained zinc-blende semiconductors by Bailey (Reference 44).
The effect of stress on excitons bound to shallow neutral acceptors in
GaAs was investigated by Schmidt, et al. (Reference 42).

In the unstrained crystal, a hole from the J = 3/2 (F8) valence
band in combination with an electron from the J = 1/2 (r6) conduction
band gives rise to the ground-state exciton. Uniaxial stress splits the
J = 3/2 degenerate valence band into two bands--one with Mj = + 3/2, the
other with Mj = + 1/2. This splitting is reflected in optical transitions
involving holes from the valence band. The shallow acceptor removes an
energy state from the valence band and establishes it as a quantum state
of lower energy in the gap region. This state is made up to valence-
band wave functions and therefore will also reflect valence-band splittings.
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A crystal, with grown-in strain, was produced that showed splitting
in both the neutral donor-bound exciton lines and the neutral-acceptor-
bound exciton lines. The strain-field behavior of the acceptor-bound
exciton lines and the complex line is shown in Figure 6. From the line
splitting of the shallow acceptor-bound exciton as shown in Figure 6 the
local stress was determined using the calibrated measurement of Schmidt,
et al. (Reference 42). The measured value of local stress from Figure 6
is as great as 0.3 kG mm'z. From this observation they gained vital
information concerning the nature of the complex giving rise to the 1.51165
eV line. It was not associated with an exciton transition since the
hole component of the exciton is derived from the valence band and would
therefore show the strain splitting. Therefore, a bound exciton complex
could be ruled out. A free to bound transition could also be ruled out,
first because the line is much narrower than the calculated kT broadening
and second the energy position of the line would require that the transition
go from a free hole to a bound electron. The hole would therefore reflect
the valence-band splitting which is not ‘observed experimentally. The
1ine must %herefore arise from a bound-to-bound transition, from a donor
to an acceptor state or vice versa.

0.3 kg/mm?

>
=4
3
z
w
-
2
w 0.09xg/mm"
2
=
< $
L)
0.0 kg/mm?
1.51168 181223 151240

PHOTON ENERGY (eV)

Figure 6. Strain-Field Behavior of the Acceptor-Bound-Exciton
Lines as Well as the Donor-Acceptor-Type Complex Line
at 1.51165 eV (Reference 40).




AFWAL-TR-84-1032

The linear magnetic field splitting of the 1ine at 1.51165 eV is
shown in Figure 7. In this figure, the photon-energy deviation from
the spectral center of mass is plotted as a function of the magnetic-
field strength. The large magnitude and the linearity of the magnetic-
field splitting is evident. Assuming that the initial state of this
transition is a J = 3/2 state and the final state is a J = 1/2 state, or
vice versa, and electron g-value of g = -0.35 + 0.15 and a hole of
value « = 2.01 + 0.11 were obtained. This value of « is large compared
to the value « = 1.0 + 0.2 obtained from studies of the free exciton as
well as « = 0.51 + 0.15, from bound exciton complexes in the same energy
region. The g-value of the electron is comparable to the value
ge = -0.50 + 0.05 deduced from the free-exciton spectrum and the cal-
culated value of 9e = -0.48 (Reference 17).

The analysis of the magnetic-field-split lines is dependent on the
detailed nature of the complex. Three different donor-acceptor complexes
are shown in Figure 8. In Figure 8a, the double acceptor-neutral donor
complex is shown schematically. The initial state of the complex is
quite complicated; two holes and a single electron combine to give three
states in zero magnetic field with angular momentum J = 5/2, J = 3/2,
and J = 1/2. Each of these states will split in a magnetic field. The
final state consists of a J = 3/2 hole which will also split in a magnetic
field. The behavior of such a complex could be expected to be quite
similar to the behavior of an acceptor-bound exciton. Figure 8b shows
the double donor-neutral acceptor complex. The upper state consists of
two paired electron spins and an unpaired J = 3/2 hole state that will
split in an externally applied magnetic field. The lower state consists
of an electron which will contribute a spin splitting in a magnetic field.
The neutral donor - neutral acceptor complex is shown in Figure 8c. In
this complex the upper state consists of a single electron and a single
hole resulting in two states in zero field, depending on the spin
orientation of the hole and electron, with angular momentum J = 2 and
J = 1. Both of these states will split in a magnetic field.

Reynolds, et al. used a geometric construction to analyze the line
at 1.5116 as shown in Figure 9. The densitometer trace shows the relative
intensity of the lines. The double acceptor-donor, Figure 8a, involves,

20
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a complex initial state which would be expected to yield three observable

lines in zero field. The magnetic-field splitting of the 1.51165 eV "‘“‘
line shows a sixfold multiplicity, suggesting that the transition occurs _i:;_;:
between J = 3/2 and J = 1/2 states. For the model of the double acceptor-
neutral donor to explain the data, it would require that only the J = 1/2
upper state contribute. Schairer, et al. (Reference 43) describe con- .
ditions where this might occur. The upper state would then be a Kramers a
doublet which would not split in a strain field. The lower state would be the
Double Acceptor Double Donor Donor
3 Donor Acceptor Acceptor
E S
P Initial state Initial state |Initial state i
3 = - -t
- —_r} ~—--‘]=§ @ —_Jz2 <
; @t —J=} g e I;:i.;:j
e T
b Skt
€ Finolstate ingl stat Final state e
@ —t | @ —ut @ —uo a2
] ® © © o
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10 20 30 40
MAGNETIC FIELD (kG) . Figure 8. Representative Donor-

Figure 7. The Linear Magnetic Field Acceptor-Type Complexes: -
Splitting of the Donor- (a) Double-Acceptor-Donor,
Acceptor Complex (b) Double-Donor-Acceptor, &
(Reference 40). (c) Donor-Acceptor -

(Reference 40).
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Figure 9. Zeeman Spectrum of the 1.51165-eV Line at 23.5-kG Applied RRs
Magnetic Field. A nomogram for interpretation of the E
lines is included. b
single-hole state of the double acceptor. This would be a deep level
that would not reflect the valence-band splitting. It would be expected s
that the neutral donor-neutral acceptor type complex shown in Figure 8c -
would have a zero-field splitting due to the exchange energy. The fff
acceptor involved in the complex must be relatively deep. If it were 5&2
shallow it would show strain splitting analogous to that observed in the :f:
shallow-bound exciton complexes. The greater binding energy of the . E
acceptor should contribute to a greater exchange splitting. Since no :ff
zero field splitting was observed, they ruled out the neutral donor- ;:;
neutral acceptor complex. The remaining double donor-acceptor complex ﬁ:j
.

shown in Figure 8a can account for all of the experimental data provided
the acceptor is deep. Therefore, the model of the double acceptor-neutral
donor with the constraint that only the J = 1/2 upper state contributes,
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or the double donor-deep neutral acceptor can account for the experimental )
observations. The origin of the double acceptor or double donor is quite 5“—“*
likely an antisite defect (Reference 44). Arsenic on a gallium site oo
would produce a double donor, whereas gallium on an arsenic site would
produce a double acceptor. The origin of the neutral donor or neutral T
acceptor was not determined. This experiment is further evidence of the ;ff*‘
usefulness of photoluminescent experiments in identifying impurities and
defects in crystals. Details of the results of high resolution optical
and magneto-optical characterization on this task are described in the
following journal articles: ._‘"

1. K. K. Bajaj and C. H. Aldrich, "Theory of Excitons in Cubic
Semiconductors in Arbitrary Magnetic Fields: Application to GaAs," Solid
State Commun. 35, 163 (1980).

2. K. K. Bajaj, T. D. Clark, and W. M. Theis, "Ground-State Energy
of a Donor Bound Exciton Complex in Semiconductors," Proc. 15th Int.
Conf. on Physics of Semiconductors, Kyoto (Japan), 1980; J. Phys. Soc.
Japan 49 (1980), Suppl. A457.
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SECTION III
TRANSPORT MEASUREMENTS

1.  INTRODUCTION

Resistivity and Hall effect measurements are an integral part of
the semiconductor characterization process and thus their use is wide-
spread. For conductive materials (e < 102) both the required apparatus
and the measurement procedures are quite simple. In recent years,
however, the interest in semi-insulating high resistivity (05107Qcm)
GaAs and InP substrate materials has greatly increased, as well as the
need for investigating these materials (Reference 45). Other important
semiconductors also exhibit very high resistivity. Apparatus has been
constructed which can automatically measure high or low resistivity and
Hall coefficients, as well as their dependences upon temperature,
magnetic field, and monochromatic 1ight wavelength and intensity. These
measurements provide information concerning the cohductivity type, carrier
mobility, carrier concentration, and compensation ratio of the samples
investigated. The energy position of impurity and defect levels can
also be obtained. These data are essential to a comprehensive char-
acterization effort.

2. TRUE MOBILITIES IN SEMI-INSULATING, OXYGEN AND CHROMIUM DOPED GaAs

It is well known that an analysis of the magnetic field dependencies
of the resistivity o and Hall coefficient R, in nearly intrinsic material,
will uniquely yield the electron mobility Hpe the hole mobility Mp the
electron concentration n, and the hole concentration p as long as single-
carrier magnetic field dependences are not important. Unfortunately,
recent data indicate that such effects are often important in semi-
insulating GaAs and thus a new approach was necessary. The problem was
treated by using an approach that required only the usual, low field
Hall effect and resistivity parameters, Ro and L but that also assumed
knowledge of the intrinsic carrier concentration "1’ and the hole mobility
as a function of the electron mobility, i.e., Hp = f(“n)' The analyses
yielded "i = (2.6 + 0.5) x 106 cm'3. and a tentative relationship for Mp
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namely, up'l : 9x107% + 13 u"'l. Curves for uy versus R /o, with o  as
a parameter were calculated by using the above relationships. For

°° deloancm, the only solutions were Wy ® Ro/po which means that simple
Hall measurements are adequate for nearly all oxygen doped and undoped
semi-insulating GaAs. For higher ®o the solutions are double-valued and
i . thus a scheme was provided for selecting the proper solutions. A simple
) compensation-distribution model was used to determine the positions of
the oxygen and chromium energy levels.

“ P,

T

'1.11‘

H 3. A DOMINANT ELECTRICAL DEFECT IN GaAs

It has long been known that defects can lead to electrically active
centers in semiconductors, such as GaAs. However, it has never been
shown that a "pure" defect, not associated with any chemical impurity,
can dominate the electrical properties of any as-grown crystal. Such a
situation would have important implications for any device technology
associated with that material. In the past, shallow donor impurities
(in particular silicon) have dominated bulk GaAs. Recently, however, as
crystal growers have been able to reduce silicon contamination, we have
seen an increasing number of as-grown Bridgman and Czochralski GaAs
crystals controlled by levels from 0.13 to 0.20 eV below the conduction
band. These crystals were studied by the temperature-dependent Hall-
effect, spark-source mass spectroscopy, and secondary-ion mass spectroscopy.
It was shown that no impurity was of sufficient concentration to account
for these levels, and therefore they are composed of single or multiple
defects. The detailed nature of the defects has not yet been established
but may involve an arsenic vacancy. This is the first time that a
dominant electrically active center has been shown to be a pure defect

in any as-grown semiconductor. :_ é
4. A DETAILED SEMI-INSULATING GaAs SUBSTRATE STUDY: CONVERSION AND f;;:
MESFET PROPERTIES Y
]

A detailed investigation of 21 SI GaAs substrates, Cr-doped, O- ::ﬂﬁg

doped, and undoped, Bridgman and Czochralski, from eight different
manufacturers, has been carried out by temperature-dependent Hall effect
(TDH), differential Hall effect (DHM), photoluminescence (PL), spark-
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i source mass spectroscopic (SSMS), and secondary-ion mass spectroscopic

| (SIMS) measurements. Also, Si-fon-implanted MESFET's, with 4 um gates,

' were fabricated on several of the substrates and tested. Electrical
conversion tests were carried out to simulate typical VPE growth

- conditions (750°C, 15 min, H2 atmos., no cap), and ion-implantation

i annealing conditions (900°C, 15 min, Hz atmos., Si3u4 cap). The

; following conclusions have emerged from this study: (1) It is very dif-
ficult to get reliable n-type activation at less than the mid-lO17 cm'3

- level, at least with 120 keV Se jons. (2) Low mobilities (slo3 cmzlv-

= sec), often seen in SI GaAs substrate materials, are due to inhomogeneity

(if p<4 x 108 Q-cm). The effective channel mobilities in implanted

MESFET's, near pinch-off, are heavily influenced by these low substrate

mobilities. (3) The commonly observed 0.5 eV acceptor conversion level

RATRE & BT

is due to Fe, but the 0.1 eV acceptor level is not always due to Mn, as

evidently believed by many workers.

5.  STATISTICS OF MULTICHARGE CENTERS IN SEMICONDUCTORS
A general formula was derived for the electron occupation numbers
E: appropriate for multicharge centers in semiconductors, including excited
ﬁf states. The results were used to rederive and generalize several formulas
= of interest in the literature in order to show exactly how the degeneracies
! of individual states enter in. Particular attention was paid to certain e
- subjects which are sometimes confusing, such as how the statistics of Sy

band states differ from those of localized states. Another subject of ifﬁ;
i much recent interest, negative-U centers was dealt with in some detail. e
=~ It was shown how the dependence of the average occupation number on Fermi '_ -
;f energy and the temperature dependence of the free-carrier concentration ggii
E: differ between positive- and negative-U centers. ;E:%I
n
E; 6. MAGNETO-HALL AND MAGNETORESISTANCE COEFFICIENTS IN SEMICONDUCTORS R
) WITH MIXED CONDUCTIVITY iﬁﬁ{
:& Magneto-Hall and magneto-resistance formulas, correct to order 82, Ei:f
i were derived for the case in which both single-carrier and mixed-carrier R

effects are important. Also, a new magneto-Hall coefficient is presented: L

4><r>gf/<rz>3-l. Values of g for various scattering mechanisms

were calculated and compared with experiment.

Be<t




..........................................................

T T TN TR TR ——~ b R i e Jads Suie St dene Jgen T
* .t . w. = -

AFWAL -TR-84-1032

7. PHOTOLUMINESCENCE AND OTHER RELATED TECHNIQUES

| Photoluminescence, combined with other optical techniques such as
absorption, photoconductivity, photo-induced transient current
spectroscopy, and local-mode spectroscopy, were used for the assessment
: of semiconducting materials. Information leading to band parameters and
| . extrinsic properties can be detected without destruction of the samples,
: which makes the photoluminescence technique suitable for both substrate
and multilayer materials. The variation of temperature, uniaxial stress,
: magnetic field, excitation intensity and wavelength helps to identify
I the parameters involved in the device elements. The physical parameters
which can be determined from‘photoluminescence are the following: (a)
band parameters; (b) uniformity of multilayer structures; (c) impurity
and defect levels; (d) the nature of intrinsic defects and defect-
complexes; (e) lifetimes of radiative recombination; and (f) the symmetry
of defects and their electronic states. Details of the results of
transport measurements on this task are described in the following journal
articles:

- 1. D. C. Look, "Resonance Photoconductivity in Fe-doped InP," Sol.
. State Commun. 33, 237 (1980).
2. J. W. Farmer and D. C. Look, "Electron Irradiation Defects in
n-Type GaAs," Phys. Rev. B21, 3389 (1980).
- " 3. D.C. Look, J. W. Farmer and R. N. Ely, "Automation of a Popular
Monochromator," Rev. Sci. Instr. 51, 968 (1980).

4. D. C. Look, "True Mobilities in 0O- and Cr-doped GaAs," Semi-

Insulating I11-V Materials Conf., ed. by G. J. Rees (Shiva, Orpington,
- 1980) p. 183. mer
g 5. D. C. Look and J. W. Farmer, "Automated, High-Resistivity Hall- 'iiﬁ
- Effect and Photoelectronic Apparatus,” J. Phys. E. Sci. Instrum. 14, 472 ;:;;
s (1981). R
T 6. D. C. Look, "The Statistics of Multi-Charge Centers in N
: Semiconductors:  Application,” Phys. Rev. B 24, 5582 (1981). o
- 7. D. C. Look, "The Electrical and Photoelectronic Properties of Eiﬁﬂ
: Semi-Insulating GaAs,” Vol 19 of Semiconductors and Semimetals (ed. ;;?5
o by R. K. Willardson and A. C. Beer). KN
; 8. D. C. Look, "Magneto-Hall and Magnetoresistance Coefficients in Eﬁﬁﬁ
: Semiconductors with Mixed Conductivity,” Phys. Rev. B B25, 2920 (1982). RN
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9. D. C. Look, D. C. Walters, and J. R. Meyer, “A Dominant
Electrical Defect in GaAs,* Solid State Commun. 42, 745 (1982).

10. D. C. Look and G. S. Pomrenke, “A Study of the 0.1 eV Conversion
Acceptor in GaAs,” J. Appl. Phys. 54, 3249 (1983).

11. 0. C. Look, P. W. Yu, J. E. Ehret, Y. K. Yeo, and R. Kwor, "A
Detailed SI GaAs Substrate Study: Conversion and MESFET Properties,*
in Semi-Insulating III-V Materials, Evian, 1982; ed. by S. Makram-Ebeid
and B. Tuck (Shiva, Nantwich, U.K.), 1982, p. 372.

12. D. C. Look, S. Chaudhuri, and L. Eaves, "Positive Identification
of the cr¥* Cr3* Thermal Activation Energy in GaAs," Phys. Rev. Lett.
49, 1728 (1982).

13. D. C. Look, L. Chaudhuri, and J. R. Sizelove, "Defect Nature of
the 0.4 eV Center in O-doped GaAs," Appl. Phys. Lett. 42, 829 (1983).

14. H. J. Lee and D. C. Look, "Hole Transport in Pure and Doped GaAs," J.
Appl. Phys. 54, 4446 (1983).

15. S. Chaudhuri and D. C. Look, "Effect of the Velocity-Field Peak
on I-V Characteristics of GaAs FET's," Solid State Electronics 26, 811
(1983). .

16. D. C. Look and P. C. Colter, "Electrical Properties of Low-
Compensation GaAs," Phys. Rev. B28, 1151 (1983).

17. P. W. Yu, “"A Model for the 1.10-eV Emission Band in InP," Solid
State Commun. 34, 183 (1980).

18. P. W. Yu, "Photoluminescence and Photoconductivity Study of the
1.10-eV Energy Level in Fe-doped InP," Semi-Insulating III-V Materials
Conference, Nottingham, April, 1980.

19. D. W. Covington, J. Comas, and P. W. Yu, "Iron Doping in Gallium
Arsenide by Molecular Beam Epitaxy," Appl. Phys. Lett. 37, 1094 (1980).

20. D. E. Holmes, R. G. Wilson, and P. W. Yu, "Redistribution of Fe
in InP During Liquid Phase Epitaxy," J. Appl. Phys. 52, 3396 (1981).

21. P. W. Yu, "Iron in Heat-Treated Gallium Arsenide," J. Appl. Phys.
52, 5786 (1981).

22. J. R. Oliver, R. D. Fairman, R. T. Chen, and P. W. Yu, "Undoped
Semi-Insulating LEC GaAs," Elect. Lett. 171, 839 (1981).

23. P. W. Yu and D. C. Reynolds, "Photoluminescence ldentification
of 77meV Deep Acceptor in GaAs," J. Appl. Phys. 53, 1263 (1982).
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24. P. W. Yu, D. E. Holmes, and R. T. Chen, "Photoluminescence Study
in LEC GaAs," in Gallium Arsenide and Related Compounds - 1981, edited
by T. Sugano, IOP Conf. Proc. No. 63 (IOP, Bristol and London, 1982), p.
209.

25. P. W. Yu, "Deep Center Photoluminescence in Undoped Semi-Insulat-
ing GaAs: 0.68-eV Band Due to the Main Deep Donor," Solid State Commun.
43, 953 (1982).

26. P. W. Yu and D. C. Walters, "Deep Photoluminescence Band Related
to Oxygen in GaAs," Appl. Phys. Lett. 41, 863 (1982).

27. P. C. Colter, C. W. Litton, D. C. Reynolds, D. C. Look, P. W.
Yu, S. S. Li, and W. L. Wang, "Novel Ga/AsCl3/H2 Reactor for Controlling
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28. D. E. Holmes, R. T. Chen, K. R. Elliot, C. G. Kirkpatrick,
and P. W. Yu, "Compensation Mechanism in Liquid Encapsulated Czochralski
GaAs," IEEE MTT-30, 949 (1982).

29. P. W. Yu, "Studies on the 0.58-eV Photoluminescence Emissions in
Heat-Treated Semi-Insulating GaAs," in Semi-Insulating III-V Materials,
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"Evidence of Intrinsic Double Acceptor in GaAs," Appl. Phys. Lett. 41,
532 (1982).

31. P. W. Yu, "Photoluminescence Excitation of the 1.441-eV Cation
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