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We present the results of a detailed study of optical absorption due to the oxygen donor and
the Zn-O and Cd-O nearest-neighbor impurity complexes in p-GaP. In solution-grown crys-
tals doped for optimum luminescence efficiency we find that the absorption coefficient below
the band gap over the visible region (1.7 eV<hv<2.3 eV) is typically in the range 2—4 cm™!.
Although a major fraction of the absorption in this region results from the O and the Zn-O or
Cd-O centers, we find that other inadvertent impurities (e.g., Si, Cu, S, and C) also contrib-
ute to the absorption. The temperature dependence of the individual absorption bands due to
Zn-0 and Cd-O are found to be well described by a semiclassical single-linear-mode model
for phonon-coupled impurity absorption. Incontrast, the highly skewed oxygen absorption band
requires (on theoretical grounds) a hybridization of the standard configuration-coordinate ap-
proach with a model which takes into account the continuum nature of the initial (valence band)
state of the free-to~bound absorption. Qualitative agreement is found between the hybridized
model and the shape of the oxygen band. Because of the large degree of lattice coupling asso-
ciated with the oxygen transitions, we find that the oscillator strength in absorption is a fac-
tor 4—12 times stronger than that in emission. This effect is attributed to differences in the
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lattice configuration depending on whether the oxygen donor is in a neutral or ionized state.
For the Zn-O transitions, a factor-of-3 enhancement of absorption to emission is found.

I. INTRODUCTION

Although the intrinsic absorption edge!~*and the ex-
trinsic infrared free-carrier absorption®="of #n- and
p-type GaP have been extensively studied, the ab-
sorption spectrum below the indirect band edge (2. 26
eV at 300 °K) in the range 1.0 eV<hr<2,3 eV has
received little attention. For luminescence appli-
cations the absorption coefficient in this region is
extremely important since it determines how much
of the internally generated light escapes from the
high index of refraction material.® In this paper we
present a detailed study, through luminescence ex-
citation and transmission measurements, of several
prominent impurity absorption bands related to the
presence of oxygen in p-GaP. We report the ex-
istence of a new band (at~17300 A at 300 °K) due to
the photoneutralization of the deep (~ 900 meV) sub-
stitutional unpaired oxygen donor. In addition, we
present data on the absorption spectrum (at ~5800
A) associated with the presence of Zn-O nearest-
neighbor impurity complexes, as well as the ab-
sorption spectrum (at~6200 A) resulting from Cd-O
complexes. Even in the absence of intentional
doping with oxygen, it has been found that oxygen is
inevitably incorporated into p-GaP during growth.®
Thus, we expect the oxygen-related absorption
bands to be dominant components of the total ab-
sorption coefficient in the range 1.0 eV<Aar<2.3
eV in all p-type material. In our transmission
study of crystals grown from Ga solution we find
additional components of absorption which we at-
tribute to the inadvertent presence of impurities
such as S, Si, C, and Cu. We present evidence to
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show that these inadvertent impurities produce ab-
sorption tails, both on the low-energy side of the
band edge and on the high-energy side of the free-
carrier absorption spectrum.

A major problem in understanding the shape of
the oxygen absorption band relates to the fact that
the electronic states of the oxygen donor are very
strongly coupled to the lattice.!®"* As a result,
the usual theories of band-to-impurity absorption in
semiconductors, 1*~!° which neglect phonon inter-
actions, cannot be applied. We show, however,
that the oxygen absorption band can be described
qualitatively by combining the usual band-to-impu-
rity model with the configuration-coordinate ap-
proach!®:'” commonly used to describe impurity ab-
sorption of color centers in I-VIII compounds. This
hybridized model predicts that the usual Gaussian-
like absorption spectrum will be distorted or
skewed toward higher energies as observed experi-
mentally.

The large degree of phonon cooperation (lattice
relaxation) associated with optical transitions at
the deep oxygen donor also influences the relative
strengths of the dipole matrix elements for absorp-
tion and emission. We find, for samples whose
oxygen concentration is known from a previous de-
termination, ® that the oscillator strength for optical
absorption by ionized oxygen donors is 4-12 times
larger than the oscillator strength for the inverse
process of emission from the neutralized donors.
For Zn-O nearest-neighbor complexes we find that
the absorption oscillator strength is three times
stronger than the emission oscillator strength.

Because of their isoelectronic character, ab-
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sorption at Cd-O and Zn-O centers is dominated
by exciton effects,'®2° In contrast to the band-to-
impurity oxygen donor absorption, both the initial
and final states in absorption at the isoelectronic
complexes can be treated as discrete, and the con-
ventional configuration-coordinate model can be ap-
plied directly. We find, for example, that the
widths of the absorption bands vary as coth (7w/kT),
as predicted by the semiclassical model.'® Using
a single-linear-mode coupling model, this behavior

“allows us to relate the position of the maxima of
the bands to their no-phonon energies. The no-
phonon energies in turn give us the temperature de-
pendence of the electron binding energies of the
Cd-O and Zn-O complexes. We find that the Cd-O
binding energy is reduced from 0. 40 to 0.36 eV as
the temperature is increased from 10 to 300 °K .
Over the same temperature range we find that the
Zn-0 binding energy is reduced from 0, 26 to 0, 22
eV, which is in agreement with other independent
results.®?

II. EXPERIMENTAL

In order to study optical impurity absorption in
p-GaP over the temperature range 1, 8-400 °K, two
types of experimental methods were employed. In
the first, photoluminescence excitation spectra were
recorded in order to study the individual shapes of
the absorption bands due to the O donor, and the
Cd-O and Zn-O nearest-neighbor impurity com-
plexes. The second method consisted of conven-
tional transmission measurements on GaP platelets
in the spectral range 0.4 eV<hv<2.4 eV. Trans-
mission data were obtained (to temperatures of
20 °K) using a dual-beam spectrophotometer mod-
ified for use with a liquid-helium cryostat. Trans-
mission experiments detect not only the oxygen-re-
lated impurity absorption, but also absorption con-
nected with shallower impurities which do not emit
efficient luminescence at room temperature because
of thermalization effects.

A schematic diagram of the apparatus used in the
luminescence excitation experiments is shown in
Fig. 1. In Zn, O- and Cd, O-doped p-GaP, red pho-
toluminescence was excited with monochromatic
light (A <630 mu). The red emission was due to
radiative recombination at Zn-O,and Cd-O com-
plexes. In addition, infrared luminescence was
generated as a result of recombination at isolated
oxygen donors. These emission bands were sep-
arated by an appropriate choice of filters F; and
F,. In order to eliminate scattered light from the
monochromator, filter F, was selected to pass only
wavelengths shorter than those in the luminescent
band of interest. For determination of the oxygen
absorption band, filter F; consisted of a 1-59 CS
Corning filter.together with a long~-wave-pass in-
terference filter cutting off at 400 mu (to prevent
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FIG. 1.
photoluminescence excitation measurements.
for details.

Schematic diagram of apparatus used for
See text

second-order effects). Filter F, was a polished
slice of GaAs, whose band gap corresponds ap-
proximately to the low-energy threshold of the
oxygen band. In determining the Cd-O and Zn-O
absorption bands, filter F; was a combination of
interference filters having a pass band from 400 to
650 my, while F, was composed of Corning CS
5-44 and CS 2-64 filters together with a 750-mu
short-wave-pass interference filter (the latter to
block out oxygen luminescence). When the infrared
emission from oxygen was sampled, an S-1 photo-
multiplier was used as a detector. For the red
emission an S-20 photomultiplier was used. In or-
der to normalize out the spectral variations of the
tungsten lamp and the monochromator grating, a
portion of the incident beam was sampled by a ther-
mocouple detector and its output was divided into
the response of the luminescence detector. The
thermocouple was found to have a flat response to
within 20% over the wavelength range of interest.
Because the luminescent output was low from the
samples studied at room temperature, the maxi-
mum slit width of the monochromator was used,
limiting the resolution of the excitation spectra

to about 6 meV,

The absorption spectra of a series of Zn, O-doped
solution-grown crystals were obtained as a function
of temperature for 0.4 eV<hv<2, 3 eV from trans-
mission measurements on thin platelets. The ab-
sorption coefficients @ were calculated from

t=(1-R)¥/(e** - R?e™), (1)

where ¢ is the transmission ratio, d~0.25-0.5 mm
is the crystal thickness, and R is the reflection co-
efficient determined from published indexes of re-
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fraction data.’?2 All transmission samples were
polished with 0. 1-p diamond paste on {111} faces
and cleaned with trichloro-ethylene solvent. It
has been our experience that polishing with 0, 1-p
diamond paste does not introduce measurable sur-
face loss. Polishing with larger-grain-size dia-
mond paste not only results in substantial surface
loss but also significantly distorts the shape of the
absorption spectrum by introducing a long tail on
the band edge which extends, in some cases, to
hv=1.4 eV.

The crystals chosen for study were grown from
Ga solution® in sealed quartz tubes and were free
from gross imperfections over selected areas. Of
the five crystals studied, one was undoped and the
remaining four were double doped with 0. 02 mole%
Ga,0; and 0, 0.007, 0.07, and 0.15 mole% Zn in
the melt. Since oxygen is poorly controlled in GaP
and there is evidence® that heated quartz ampoules
can introduce oxygen, we believe that all five crys-
tals contained oxygen as a dopant at a level of the
order of 1017 ¢cm=.% All crystals, including the un-
doped, were p type. The net acceptor concentra-
tions of our crystals were? 2x10'7, 10, and
2x10'® cm™® for crystals with 0.007, 0.07, and
0. 15 mole% Zn added to the melt.

III. OXYGEN-RELATED IMPURITY ABSORPTION

Oxygen, substituting for phosphorus in the GaP
lattice, is a deep donor, binding electrons at 4 °K
with an energy of 895 meV %! In p-type material
the major optical absorption process due to unpaired
oxygen is expected to be photoneutralization of
ionized oxygen donors through the elevation of elec-
trons from the valence band. The spectral shape
and temperature dependence of this photoneutral-
jzation process and its related emission band will
be discussed in detail in this section.

It is well known that during crystal growth the
Coulomb attraction between ionized donor and ac-
ceptor atoms can result in large fractions of the
impurity atoms associating in the form of nearest-
neighbor pairs.?2® In gallium phosphide, nearest-
neighbor Zn-O and Cd-O impurity complexes have
been shown to be the source of the efficient red
luminescence commonly utilized in GaP light-
emitting diodes.'®2° Recombination at these com-
plexes is considerably more complicated than for
the two-state oxygen donor, since they are, in ef-
fect, isoelectronic centers for which three recom-
bination states must be considered.®?? In an un-
excited p-type crystal these complexes are neutral
and unoccupied by electrons or holes. Under pho-
toexcitation, the complexes may become occupied
by a single electron giving rise to a negatively
charged state, or they may be occupied by both an
electron and hole, giving rise to a neutral bound-
exciton state, Thus, in a p-type crystal we expect
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optical impurity absorption due to acceptor-oxygen
complexes to arise from two sources: (a) photo-
ionization of the complex by promotion of an elec-
tron from the valence band, and (b) direct photo-
creation of excitons bound to the complex. The
spectral region in which these processes take place
depends on the electron binding energy of the com-
plex which, to a first approximation, is just the
binding energy of the isolated oxygen donor reduced
by the Coulomb repulsion between the electron and
the negatively charged nearest-neighbor acceptor.
The latter energy is 549 meV (using a nearest-
neighbor distance of 2.36 A), so that at low tem-
perature the binding energy of the complex is ex-
pected to be 350 meV, independent of the acceptor
binding energy. The measured excifon binding en-
ergy (at 20 °K) of the Cd-O complex is 421 meV, 18-20
Using an inferred hole binding energy of 35 meV, 19
one finds that the electron binding energy of the
Cd-O complex is 386 meV,'® which is in reasonable
agreement with the expected value. An exciton
binding energy for the Zn-O complex has not been
measured (no sharp exciton no-phonon line has
been observed), but calculations presented here in-
dicate that the electron binding energy is about 260
meV. The energy positions of the O, Cd-O, and
Zn-0 centers are summarized in Fig. 2.

The extremely large chemical shift of the oxygen
donor binding energy (the effective-mass binding
energy in GaP is 45 meV)? indicates that the donor
electron is very localized in the central cell sur-
rounding the impurity. Hence, we expect that the
local strain field associated with the lattice polar-
ization due to the ionized oxygen donor will change
drastically as the donor undergoes a transition from
the ionized to the neutral state. These large
changes in local strain imply that most of the os-

CONDUCTION BAND

l l

T 0.40eV 0.26 eV

0.90 ev Cd—O—r—

(o}

35 mev

! f

VALENCE BAND

FIG. 2. Schematic energy level diagram for GaP
(at 0°K) showing energy levels in the forbidden gap as-
sociated with the oxygen donor and the Cd-O and Zn-O
isoelectronic complexes. Solid and dashed lines indicate
the energy levels of bound electrons and holes, respec-
tively.
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cillator strength of the photoneutralization absorp-
tion at oxygen is associated with the dissipation of
strain energy (lattice relaxation) to various phonon
modes of the lattice. Thus, we expect to be able to
apply the semiclassical configuration-coordinate
model*® in which the effects of lattice coupling are
emphasized. However, in this model the continuum
nature of the initial (valence band) states of the sys-
tem is not taken into account. We show that this
effect can be taken into account in the formulas for
the energy dependence of the absorption coefficient
in a simple way, so that the resulting expressions
for the absorption spectrum are a straightforward
combination of the configuration-coordinate model
and the no-phonon effective-mass-like models for
band-to-impurity absorption.

Since the effective electron binding energies of
the Zn-0O and Cd-O isoelectronic complexes also
show large chemical shifts (associated with the
chemical shift of the oxygen component), we expect
strong lattice coupling to be present in optical tran-
sitions involving the tightly bound electron at these
centers. Because excitonic transitions dominate
the optical spectra associated with these com-
plexes,!8=2% they are somewhat more suitable than
the oxygen donor for analysis by the standard semi-
classical model'® in which discrete energy values
are assumed for both initial and final states. We
find that the temperature dependence of the width
of the Zn-0O and Cd-O absorption bands can be fitted
to a model with simple linear-mode coupling to the
lattice, This allows us to relate the shift in the
peak position of the absorption band to the reduction
in electron binding energy of the centers with in-
creasing temperature.

A. Isolated Oxygen Donor

The temperature dependence of the isolated (un-
paired) oxygen donor absorption spectrum obtained
from a sample grown from Ga solution containing
0. 007 mole% Zn and 0. 02 mole% Ga,0O; is shown in
Fig. 3. The spectra were determined from the in-
tensity of the excited photoluminescence below
1.435 eV (i.e., filter F, in Fig. 1 passed only pho-
tons with energy less than this value). Only the
structure below ~2. 3 eV is due to optical absorp-
tion at the ionized oxygen donor. The structure
at C is due to the photocreation of excitons bound
to nitrogen isoelectronic centers, which are inad-
vertently present in the solution-grown crystals
used. These bound excitons can excite the oxygen
luminescence either through tunneling of the trapped
electron to an oxygen center, or by thermalization
of the exciton off of the nitrogen center and sub-
sequent recapture of the minority carrier at the
ionized oxygen donor. For photon energies above
the band ‘gap (denoted by Din Fig. 3), the oxygen
luminescencé is excited by direct capture of the
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FIG. 3. Photoluminescence excitation spectra of the
ionized oxygen donor at several temperatures obtained by
monitoring the infrared emission from neutral oxygen
below 1.435 eV. The zero levels of the spectra have
been shifted for clarity and are denoted by fiducial marks
along the ordinate axes. The structure at A, B, C, and
D is discussed in the text.

photogenerated minority carriers. Figure 3 shows
that the efficiency of the above gap (at D), relative
to the below gap (at B), excited oxygen luminescence
is a rapidly varying function of temperature. This
variation is related to the thermalization of other
dominant recombination centers in the crystal which
capture minority carriers in competition with the
oxygen centers, and will be discussed elsewhere.?
The oxygen absorption band centered at ~1.8 eV
is very broad (>0. 8 eV) and non-Gaussian. At low
temperatures on the low-energy side of the spec-
trum (A in Fig. 3) a change in slope is noted whose
origin is unknown, At all temperatures a very long
high-energy tail is observed extending up to and be-
yond the band-gap energy. As the temperature is
increased, the peak of the band shifts to lower en-
ergies and the band shape becomes more skewed
toward the high-energy side. Above 110 °K the



half-power point on the high-energy side is at an
energy greater than the band-gap energy and can
no longer be observed. In order to compare with
theoretical models of impurity absorption, one
wishes to know the second moment of the spectrum
as a function of temperature. Because most of the
high-energy tail is obscured by above band-edge
absorption, a meaningful plot of the second moment
cannot be obtained for the oxygen absorption band.
A comparison of the absorption and emission
bands due to isolated oxygen in p-GaP is shown in
Fig. 4. Below 60 °K the dominant photoemission
from neutral oxygen results from radiative donor-
acceptor pair recombination in which an electron
on a neutral oxygen donor recombines with a hole
on a distant neutral acceptor!!(e.g., zinc, as is
the case in Fig. 4). The 60 °K emission spectrum
in Fig. 4 results from O-Zn pair emission and its
phonon replicas!? (five replicas of the no-phonon
pair band can be made out in the original data
shown in Fig. 1 of Ref. 12). At 90 °K and above,
the pair emission is replaced by free~to-bound
emission.'? In this process a free hole is captured
by the neutral oxygen donor, thereby ionizing it.
This radiative transition is the inverse of the pho-
toneutralization process which produces the 1, 8-eV
absorption band. (In the 90 °K emission spectrum
of Fig. 4 the no-phonon line of the free-to-bound
emission, as well as two replicas, are resolvable
in the original data shown in Fig. 1 of Ref. 12.)
The theoretical description of the oxygen photo-
neutralization absorption spectrum is complicated
by two effects. The first is the considerable pho-
non cooperation associated with the optical transi-
tions, and the second is the continuum of valence
band levels associated with the initial ground state.
The standard theories of optical impurity absorp-
tion in direct-gap semiconductors containing ef-
fective-mass impurities (for example, the Eagles'®
or Dumke!* hydrogenic models or the more recent
quantum-defect model of Bebb'®) cannot be immedi-
ately applied to photoneutralization of oxygen in
GaP, because of both the indirect character of the
band gap and the central-cell character of the
oxygen donor wave function. Both of these effects
contribute to the phonon cooperation associated with
the photoneutralization transition. On the other
hand, the configuration-coordinate approach,!® used
where coupling to the lattice is strong, is aiways
formulated in terms of discrete energy levels for
both the ground and excited states. It is a
straightforward matter, however, to modify the
usual formalism in order to take into account the
continuum nature of the initial state in the oxygen
photoneutralization problem. When this is done we
find that the photoneutralization spectrum for an
impurity tightly coupled to the lattice can be
thought of as being made up of a set of weighted
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FIG. 4. Comparison of emission and absorption bands
due to the oxygen donor in p-GaP. Arrows denote posi-
tion of band-gap energy at each temperature. Absorption
spectra are from luminescence excitation data as in
Fig. 3. Emission spectra are from Ref. 12, and at lower
temperatures show discrete structure due to phonon
replication.

phonon replicas of the usual effective-mass optical
impurity absorption spectrum (e.g., Dumke, Eagles,
and Bebb). In this way the oxygen photoneutraliza-
tion spectrum represents a hybrid of the configura-
tion-coordinate and effective-mass-like models of
impurity absorption.

Following Fowler and Dexter!” we can express
the photoneutralization cross section at photon en-
ergy Efor transitions from the electronic state a
to the electronic state b as

Eegi(Ep)\2 _E, 4me? 2 Sy (E)
"ab(E)z( £ > n(E,) 3ic | M| 2J,+1°

(2)
In this equation £, is the effective field at the im-
purity center, &, is the average field in the medium,
n is the index of refraction, M,, is the electronic
dipole matrix element, J, is the angular momentum
quantum number of the lower state, E,, is the en-
ergy difference between the two electronic states,
and S,, (E) is the shape of the absorption spectrum
due to phonon cooperation. If we make use of the
Condon approximation and assume that M,, is in-
dependent of the lattice coordinates, the shape
function can be written in the form%3°

Su(E)=(Xs| (aa|B) [26(Eys— Egy— ENay . (3)

In Eq. (3), {aa| and |b8) are the vibrational wave
functions for the lower and upper electronic states,
respectively, and E,, and E,; are their energy
eigenvalues. The notation (),, represents a thermal
average over the initial o vibrational states (associ-
ated with the electronic state a) and the sum ex-
tends over all final B vibrational states (agsociated
with the electronic state ). For converﬁence, we
will neglect the dependence of £, and #» on E,,. In
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Sec. V we will consider the effect of the lattice
configuration on the matrix elements for absorption
M,, and emission M,,, i.e., when the Condon ap-
proximation breaks down and M,, >M,,. In usual
treatments®® of impurity absorption involving pho-
non cooperation, the spectral shape is entirely de-
termined by Eq. (3) and consists of a set of
weighted 6 functions representing the emission and
absorption of phonons concomitant with the elec-
tronic transition. In the semiclassical approxima-
tion generally discussed, this shape is approxi-
mately Gaussian. For the photoneutralization pro-
cess considered here, the state a is one of a con-
tinuum of valence band states. The total photo-
neutralization cross section is a sum over all such
states, weighted by a density of states factor:

Oy (E)'_‘Zaga Uab(E) . (4)

To evaluate Eq. (4) we replace the sum by an in-
tegral over the kinetic energy E, of a hole in the
valence band. The energy E,, can be written as
E,,=E,+E,, where E, is the energy difference be-
tween the impurity level and the top of the valence
band. In the photoneutralization and photo-ioniza-
tion models, which neglect phonon cooperation, 3=
the matrix element M,, is evaluated between Bloch
band states and effective-mass impurity states
made up from Bloch functions, As a result, |M,,[?
is energy dependent. Taking [M,,[®«<S(E,), where
S(E,) is a shape function, and using Eqs. (2)-(4)
we find that the photoneutralization cross section
0y (E) for transitions between the valence band and
the electronic impurity state b is given by

0y(E)=B [ dE,g,(E,)(Eo+E,) S(E,)
X<EB|<aa|b3>|26(EbB—Eaa—E)>avy (5)

where B is a constant. If the impurity interacts
with a single-lattice mode of energy %w, then®

Eyp —E,0=Eo+E,+(B-)liw . (6)

Making use of Eq. (6) and taking the sum outside
the integral in Eq. (5), we obtain, through evalua-
tion of the 6 function,

0,(E)=(2s B|(ac|bB)|*g,[E ~Eo~ (8 - a) hw]
X[E - (8- @) iw] S[E -Eo— (B~ @) liw])ey . (7)
If we assume that g,(E,)« EL/2, then
05(E)=(2sB'[{ac|b8) |? [E = Eo- (B~ @) hw]' /2
X[E - (B~ ) iw]S[E-Eo-(B-a)iw])ey, (8)

where B’ is a constant. The photoneutralization
spectrum described by Eq. (8) is similar in ap-

pearance to the spectrum of Egs. (2) and (3) with the
6 functions replaced by an effective shape factor

Sett(E)=[E —Eo- (B - ) fiw]' 2 [E - (8 - @) hiw]

XS[E-Eqo-(B-a)hw] . (9)

We show schematically in Fig. 5 the difference
between the optical absorption for two discrete lev-
els [Eq. (3)], and that where the initial state is a
continuum of levels [Eq. (8)]. We continue the as-
sumption that the coupling with the lattice involves
only a single linear mode of energy 7w, and fur-
thermore assume 7=0 °K so that =0. The bars in
Fig. 5 represent the weighted & functions of Eq. (3),
assuming a semiclassical model in which the
weighting factors result in a Gaussian shape. For
comparison, the dashed curves show two of the
terms (=3 and 6) in Eq. (8). Because of the long
high-energy tails, the result of replacing the 6
functions with the shape factors S, (E) is to shift
the peak of the original Gaussian to higher energies
and to greatly skew the absorption band toward
higher energies.

Although the interaction of the oxygen donor in
GaP with the lattice undoubtedly involves several
modes, quadratic as well as linear, we expect the
basic features of the spectra in Fig. 3 to be ex-
plained in a qualitative manner by Eq. (8). The
spacing between replicas in Fig. 5 has been chosen
relative to the width of the S (E) curves in order
to approximate the expected situation for oxygen in
GaP, viz., ZTw=50 meV. The effective shape S (E)
was determined from the Bebb model’® with a quan-
tum defect of zero, characteristic of a very deep
donor,

B. Cadmium-Oxygen Impurity Complex

The Cd-O luminescence excitation spectra ob-
tained at various temperatures from a crystal grown
from gallium solution doped with 10 mole% Cd and
0. 02 mole% Ga,04 is shown in Fig. 6. In obtaining
these spectra, the red luminescence between 1. 82
and 1. 44 eV resulting from radiative recombination
at Cd-O nearest-neighbor complexes was monitored
(through proper choice of filter F, in Fig. 1) as a
function of the exciting photon energy from the
monochromator. As was the case in Fig. 3, struc-
ture attributable to absorption at inadvertent nitro-
gen impurities was observed (at B in Fig. 6) about
10 meV below the band edge over the temperature
interval from 45 to 180 °K. The shape of the maxima
at C results from surface recombination which
dominates at short incident wavelengths. In analogy

with the oxygen luminescence excitation spectra

(Fig. 3), the temperature dependence of this peak

is more rapid than the temperature dependence of

the below gap excited luminescence maximumat A.
The absorption band due to Cd-O is non-Gaussian
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FIG. 5. Schematic comparison of impurity absorption

bands computed for two different initial electronic states.
Solid lines show semiclassical band shape consisting of

a 6 function for each phonon replica weighted by a Gaus-
sian envelope, assuming a discrete initial electronic
state [Eq. (3)]. Dashed curves illustrate (for the third
and sixth replica) how each 6 function is replaced by a
broad shape function [Eq. (9)] when absorption results
from a continuum of band states [Eq. (8)].

with a long high-energy tail which extends to photon
energies well above the band gap energy. In de-
scribing the temperature dependence of this band

it is useful to define an effective width W=2(E,,
-E,,;), where E is the photon energy at the maxi-
mum of the band and E,,, is the photon energy cor-
responding to the half-power point on the low-ener-
gy side of the peak. (The actual half-width of the
band cannot be measured at all temperatures be-
cause the high-energy half-power point is obscured
by absorption at the band edge.) The temperature
dependence of W for the Cd-O absorption band is
plotted in Fig. 7. The data are well described by
the usual semiclassical model in which the impurity
is strongly coupled to a single linear vibrational
mode of the lattice, i.e., W is constant at low tem-
perature and varies as T'/2 at higher temperatures.
Using the nomenclature of Keil, *° this model pre-
dicts an approximately Gaussian absorption band
whose width is given by

W 4= 2ahw [0. 693 coth(w/2kT)]'/? , (10)

where 7w is the energy of the lattice mode and a is
a dimensionless constant proportional to the
strength of the coupling between the impurity and
the lattice. The solid curve in Fig. 7 represents
a fit of Eq. (10) to the data using Zw=29. 9 meV.
The single-linear-mode theory leading to Eq. (10)
assumes that both initial and final electronic states
are discrete. Previous discussions of Cd-O ab-
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sorption'®2® have, in fact, assumed a discrete ini-
tial electronic state, and have considered only
processes of the form

hv—=E,-E +nliw , (11)

i.e., the absorbed photon creates an exciton bound
by an energy E, plus n phonons of energy 7w (E, is
the band-gap energy). In addition to this process,
we expect another process

hv - E,~E, - E, +nliw, (12)

in which an electron from a depth E, in the valence
band is excited into a negatively charged bound
state of the Cd-O complex (binding energy E,),
along with the emission of » phonons. The process
described by Eq. (12) is analogous to the photoneu-
tralization process discussed previously for the
oxygen donor [see Eq. (8)]. There are two reasons
why we expect the process described by Eq. (11) to

GaP (¢d,0)

NORMALIZED LUMINESCENCE INTENSITY BETWEEN 1.82 AND l.44eV

1.8 2.0 2.2 2.4 2.6
PHOTON ENERGY (eV)

FIG. 6. Photoluminescence excitation spectra of the
neutral Cd-O impurity complex at several temperatures
obtained by monitoring the red emission from the photo-
excited complex in the range 1.82—-1,44 eV,. .The
zero levels have been shifted as in Fig. 3. Structure
at A, B, and C is discussed in the text.
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FIG. 7. Effective half-width W (defined in text) for
the Cd-O absorptionband as a function of the square root of
temperature. Solid curve is fit of Eq. (10) to the data ob-
tained by taking Zw=29.9 meV.

dominate over that of Eq. (12). First, we have
found that the single-mode model adequately de-
scribes the temperature dependence of W [Eq. (10)
and Fig. 7]. It seems unlikely that the absorption
band due to photo-ionization of the Cd-O centers
[described by expressions of the form of Eq. (8)]
would have the simple temperature dependence
given by Eq. (10). Indeed, in contrast to the pre-
diction of Eq. (10) and Fig. 7 we find, for the
oxygen-donor absorption band, that the effective
width W decreases with increasing temperature.
Second, other investigators!®?° have observed
sharp-line structure connected with the Cd-O band,
attributable to direct photocreation of bound exci-
tons. This structure is not as pronounced in ab-
sorption as in emission, but nevertheless, it sug-
gests a dominant role for the process of Eq. (11).

The single-linear-mode theory® predicts a sim-
ple relationship between the no-phonon energy E,,
[@=B in Eq. (3)] and the peak absorption energy E,,,
viz.,

1alhw. (13)

If the Cd-O absorption is dominated by excitonic
transitions, then Eq. (13) can be used to deduce the
binding energy of the exciton through the identifi-
cation E,=E, - E,,. In Fig. 8 we plot this binding
energy versus temperature, where we have used
the known no-phonon energy at 10 °K (E,,=1. 908
eV)!820 {5 determine the constant a=3.05 from Eq.
(13). If we assume that the binding energy E, of
the hole component of the exciton is constant with
temperature at a value'® E,=35 meV (E,=E, +E,),
then these data indicate a reduction in the Cd-O
electron binding energy of ~30 meV as the temper-
ature is raised from 10 to 300 °K.

Enp: Eab -
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C. Zinc-Oxygen Impurity Complex

Luminescence excitation spectra for recombina-
tion at Zn-0O nearest-neighbor complexes have been
reported previously for several temperatures by
Welber and Morgan.®® We have obtained essentially
similar results from the crystal used for the oxygen
luminescence excitation data in Fig. 3. Some rep-
resentative spectra are shown in Fig. 9. As in the
case of the O and Cd-O excitation spectra, three
prominent features are observed. The peak of the
Zn-0 absorption band occurs at A, absorption due
to nitrogen isoelectronic centers is observed at B,
and at C we find luminescence excitation due to
capture of photogenerated electrons onto the Zn-O
complexes. In contrast to the results of Welber
and Morgan,®! we do not find, for the crystal de-
scribed in Fig. 9, excitation of the red lumines-
cence through absorption at nitrogen centers at
the lowest temperatures. (This was also noted to
be the case for the Cd-O excitation spectra studied
in Fig. 6.) In the same crystal, however, we do
find excitation of the infrared oxygen luminescence
due to absorption at nitrogen centers even at 1, 8 °K
as shown in Fig. 3. To explain the excitation of the
red luminescence by nitrogen absorption at 7 °K in
the crystal which they studied, Welber and Morgan
suggested a resonant transfer of energy from an ex-
citon bound at a nitrogen center to an excited state
of the exciton bound to the Zn-O complex. The ex-
cited state of the exciton presumably decays rapidly
to the ground state, and then recombines to emit the
red luminescence. The rate of resonant transfer of
energy in this model depends on the product of con-
centrations of Zn-O and N centers. In the crystal
which we investigated (Figs. 3 and 9), the Zn-O
concentration is low (probably less than 10*° cm™®)
as compared with that of oxygen (~ 10" cm™3).
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FIG. 8. Temperature variations of exciton binding

energy E, and the electron binding energy E; of the Cd-O
complex obtained from the termperature dependence of
the peak absorption energy Eg;, using Eq. (13). Energy
E,=E,~ Ej has been calculated assuming E; =35 meV
over the entire temperature range.
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GaP (Zn,0) 290° K

NORMALIZED LUMINESCENCE INTENSITY BELOW I.82eV

.8 2.0 2,2 2.4 2.6
PHOTON ENERGY (eV)

FIG. 9. Photoluminescence excitation spectra of the
neutral Zn-O impurity complex at several temperatures
obtained by monitoring the red luminescence between
1.82 and 1.44 eV. The zero levels have been shifted as
in Fig. 3. Structure at A, B, and C is discussed in the
text.

Thus, resonant transfer or tunneling of the exciton
from N to O centers is more likely to occur in our
sample than transfer from N to Zn-O centers.

In Fig. 10 we plot the effective width W for the
Zn-0O absorption band versus temperature. Again
we find that the single-linear-mode model fits the
data with 7w=18. 8 meV [see Eq. (10)]. If we as-
sume that the ratio W/ W, is the same for the Zn-O
band as for the Cd-O band, then we can find the
constant a for the Zn-O absorption by comparing
the low-temperature widths of the Cd-O and Zn-O
bands using Eq. (10). When this is done we obtain
a=3.87. This gives a value of 3a%w in Eq. (13)
which is only 2 meV larger for Zn-O than Cd-O.
We can use Eq. (13) to solve for E, and E, as a
function of temperature as we did for the Cd-O ab-
sorption, Here we take'® E,=36 meV for the bind-
ing energy of the hole component of the exciton
bound to the Zn-O site. The results are plotted in
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FIG. 10. Effective half-width W for the Zn-O absorp-
tion band as a function of the square root of temperature.
Solid curve is fit of Eq. (10) to the data obtained by taking
7Zw=18,8 meV,

Fig. 11, These calculations predict that the Zn-O
trap depth is reduced from 266 meV at 10 °’K to a
value of 220 meV at room temperature, Indepen-
dent room-temperature determinations®?! of E,
from thermal quenching of the red luminescence
yield E, =230 - 240 meV, in reasonable agreement
with the value obtained here,3?

IV. ABSORPTION DUE TO INADVERTENTLY
PRESENT IMPURITIES

We show in Fig. 12 room-temperature absorp-
tion spectra®® obtained from transmission mea-
surements for Zn, O-doped crystals. Figure 12(a)
gives the complete absorption spectrum showing
both the high-energy tail (kv <1eV) of the infrared

T T T T T T T T T T T T T 270

THE T

ELECTRON BINDING ENERGY E, (meV)

EXCITON BINDING ENERGY Ey=Ey+Ejp (meV)

-1240
270 GaP: Zn-0 {

-1230
260

-1220
250 | |

T T N TR NN TN S N T W R | \
o 100 200 300 210

TEMPERATURE (°K)

FIG. 11. Temperature variations of the exciton bind-
ing energy E, and the electron binding energy E; of the
Zn-0O complex obtained from the temperature dependence
of the peak absorption energy E,, using Eq. (13):%Energy
E,=E,—E, has been calculated assuming E ;=36 meV
over the entire temperature range.
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FIG. 12. Absorption spectra obtained from transmis-
sion measurements at 300 °K for GaP crystals containing
[0]~ 10" em™ and four different concentrations of Zn.
(a) Spectra in the range 0.5 eV<hv<2.3 eV showing dif-
ferences in feee-carrier absorption for crystals heavily
and lightly doped with Zn. (b) Detailed spectra below
the band gap showing absorption bands due to neutral
oxygen (at 1.75 eV) and the Zn-O complex (at 2.1 eV).

free-carrier absorption” and the onset of the in-
direct edge™ for hv >2.2 eV. In the region be-
tween 1.4 and 2. 2 eV the absorption is small, typ-
ically <5 cm™'. However, as shown in Fig. 12(b),
considerable structure is observed in this energy
range. The most prominent feature of the absorp-
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FIG. 13. Schematic energy level diagram for GaP
showing energy levels and optical transitions associated

with probable inadvertently present donors and acceptors.

Subscripts on labels for donors and acceptors indicate
whether they are situated on a Ga or P site. Notation
associated with optical transitions are as in Table I.

(a) WéHKly p-type crystals with the Fermi-level E near
the center’of the gap. (b) More heavily p-type crystals
with Fermi level near the Zn acceptor.

[

TABLE I. Impurity absorption threshold transition
energies at 300°K and donor-acceptor binding energies
in GaP (E,=2.26 eV).

Threshold
Binding transition
energy energy®
Impurity® (eV) (eV)
Cp4) 0.048¢ Ef=2.21
Ed=0.0475
Cug,(4) 0.6—0.79 EZ,=1.56-1.66
4,=0.6-0.7
Sip(4) 0.204° Ef(P)=2.16
Ed;(P)=0.2
Siga (D) 0.08°¢ E§(Ga)=2.18
Sp (D) 0.102°¢ Ef=2.16
Op (D) 0.90 E&=1.4

2We designate whether an impurity is a donor or ac-
ceptor by D and A, respectively.

bThe notation E™ and E ¢ refers, respectively, to photo-
neutralizing and photo-ionizing transitions.

®Reference 35.

dReference 36.

tion is the broad band at 1. 75 eV in the crystal
doped with a Zn-acceptor concentrationof 10*® cm.
Also evident is the band at 2.1 eV. We conclude
by comparing the positions and shapes of these
bands with the photoluminescence excitation ab-
sorption spectra of Figs. 3 and 9 and find that they
are due to isolated O donors and nearest-neighbor
Zn-O complexes. The data in Fig. 12(b) show
rather clearly that the weakly Zn-doped crystals
and the undoped crystal have absorption spectra
near the band edge which are very similar to the
spectra of the more heavily Zn-doped crystals.

We propose that the similarities in these spectra
can be understood by considering the influence of
inadvertently added impurities to the solution grown
crystals.

Solution-grown GaP crystals have been shown
to contain a number of donor-acceptor impurities,
some of which are indicated schematically in Fig.
13 for what is thought to be two likely situations.
Figure 13(a) applies to a nominally undoped crys-
tal (weakly p type) while Fig. 13(b) applies to a
Zn-doped crystal. In either case oxygen is thought
to enter the crystal via a reaction with walls of the
quartz ampoules. Since the crystals are p type,
the Fermi level E, falls below the O level and so
photoneutralizing transitions to oxygen should al-
ways be present (threshold ~1.4 eV at 300 °K).
These are indicated by EG in Figs. 13(a) and 13(b).
Other common impurities are Si, S, and C.%* Evi-
dence has also been presented®® for the presence
of deep Cu acceptors in GaP. We have schemati-
cally indicated all of these impurities in Fig. 13

34,35



4 OPTICAL ABSORPTION BY
and have labeled the sublattice on which they ap-
pear by the subscripts Ga and P. Depending on the
position of the Fermi level, different types of
transitions are possible, Because the crystals

are p type, the donors participate in photoneu-
tralization absorption indicated by E". The accep-
tors can contribute either to photoneutralization
absorption in weakly p-type crystals [Fig. 13(a)]
or to photo-ionization absorption (E?!) in heavily
p-type crystals [Fig. 13(b)]. Table I summarizes
the threshold transition energies expected for the
various impurities at room temperature. It is
important to note that the spectral shapes of the
impurity absorption bands are sensitive not only

to whether a given absorption process is photoneu-
tralization or photo-ionization, but also to the depth
of the impurity level and the strength of coupling

of the impurity to the lattice. Based on the con-
siderations leading to Eq. (8) we conclude that the
photoneutralization transitions shown in Fig, 13
and listed in Table I should give rise to broad ab-
sorption bands which overlap the indirect edge con-
siderably. We also conclude, based on Bebb’s
analysis,!® that the photo-ionization transitions
from the deeper acceptors (Si, Cu) should give a
large background absorption which extends to en-
ergies ~10 times the acceptor ionization energy.
We now incorporate these ideas into our interpre-
tation of the data given in Fig. 12,

We may reasonably expect that the various inad-
vertent impurities in p-GaP will give a low-energy
absorption tail on the band edge due to photoneu-
tralization of both donors and acceptors, and a
high-energy tail extending into the visible on the
infrared free-carrier absorption due to photo-
ionization of acceptors. In Fig. 14 we compare
the absorption from an O-doped crystal [Fig. 14(a)]
with one doped with O and Zn [Fig. 14(b)] (Zn con-
centration #2x10'" cm®). The data in Fig. 14(a)
indicate that the room-temperature threshold ab-
sorption is ~v=1.4 eV, in agreement with the O
threshold absorption in Fig. 3. We suggest that
the absorption at 300 °K in Fig. 14(a) is due to
the photoneutralizing transitions in Fig. 13(a) and
that the smooth increase in absorption with in-
creasing photon energy is due principally to suc-
cessive absorptions from O, Cu, * and Si. The 80 °K
absorption spectrum is consistent with this inter-
pretation. Since the crystal is weakly p type, the
room-temperature Fermi level E, will lie below
midgap between the deepest acceptor and deepest
donor, with the donors preferentially compensating
the deeper acceptors. At lower temperatures the
holes will freeze out on the deep acceptors and the
donors will preferentially compensate the shallower
acceptors with the result that E; will move toward
the shallow acceptor levels. Thus, at 80 °K, we
expect Ep to lie near the Si or C acceptor levels in
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FIG. 14. Absorption spectra showing differences at
300 and 80 °K of crystals (a) doped only with oxygen, and
(b) lightly doped with zinc and oxygen.

Fig. 13(a), and, as a consequence, the photo-ion-
ization absorption of Cu should become dominant.
The 80 °K data in Fig. 14(a) have a threshold at
hv= 0.8 eV and reach a broad maximum at 1.5 eV.
These data appear to be consistent with the pres-
ence of Cu acceptors (see Table I).3"Above =~ 1.5
eV the O absorption superimposes on the Cu photo-
ionization absorption giving rise to a broad ab-
sorption background below the indirect edge.

In Fig. 14(b), the data for a crystal containing
~2x10'7 cm® Zn acceptors are consistent with this
interpretation. The 300 and 80 °K spectra are very
similar. As indicated in Fig. 13(b) the Fermi
level for this situation is controlled by the Zn. The
infrared absorption for zZv <1 eV is due to free car-
riers at 300 °K and photo-ionization from Zn at
80 °K.” The spectrum for Av > 1.5 eV is due to the
photoneutralization processes discussed above. Be-
cause the Cu photo-ionization absorption is absent
in Fig. 14(b) we may conclude, on the basis of our
model, that the Cu contamination varies substan-
tially in different crystals.3” Finally, we note that
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for all Zn-doped crystals examined, the absorption
spectra in the range 0.6eV <kv <1,2 eV could fitap-

proximately through the relation In [a (hv)]oc— hv/RT.

This behavior can be understood either on the basis
of inter-valence-band absorption,” or as the high-
energy tail of photoneutralization or photo-ioniza-
tion absorptions by impurities strongly coupled to
the lattice.

V. ABSORPTION AND EMISSION RATES

It.has been customary to determine the concen-
trations of impurities in semiconductors through
the use of the well-known “Smakula’s equation,”
given in a generalized form by'®

2
Nfow = 2172 zh n(Eab)[ﬁm] fd(E)dE.
(14)

In this equation Nis the concentration of impurities,
fap is the oscillator strength of the absorption pro-
cess between states a and b, a(E) is the absorption
coefficient, E,, is the energy position of the max-
imum of the absorption band, and m* is the effec-
tive mass. [The other constants have been pre-
viously defined in Eq. (2).] It is usually assumed
that the oscillator strength is related to the radi-
ative lifetime 7,, of the inverse luminescent pro-
cess through the relation!®

_<rz2c3m* 1 £\ /1 )< 1)
fab_ 262 ) n(Eba) (gett(Eba) ) <E Ea Tha ’
(15)
where E,, is the position of the maximum of the
luminescent band. Fowler and Dexter!” have shown
that in general, Eq. (15) does not hold in a solid.

They find that it should be replaced by a more gen-
eral expression:

(BEPm\ 1 & )2
fub_< 262 /n(Eba) <§eu(Eba)>

2
B fial et (1) g
Ebﬂ Mba ZJa+1 Tha

where M, and M,, are the dipole matrix elements
for the absorption and emission processes, re-
spectively, and J, and J, are the angular momen-
tum quantum numbers for the lower and upper
states, respectively. Equation (16) differs from
Eq. (15) primarily through the ratio of the squared
matrix elements. We expect this ratio to deviate
from unity in the case where the configuration of
the lattice differs greatly between the emission and
absorption processes, i.e., if there is a large
Stokes shift,

As we have seen, there is a large Stokes shift
(= 360 meV) between absorption and emissionat Zn-O.
Hence, we expect that it will be mandatory to use
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Eq. (16) for this center. In a previous study, ®

we have determined the concentrations of Zn-O
centers in several crystals of p-GaP independently
of Smakula’s equation by means of five photolum-
inescence measurements. We now use these re-
sults to determine the ratio R, defined by

ot (Bpy) +1P..F . (17
k= <§au( ab)> 2J,+1 | M, 2 )

Combining Eqs. (14), (16), and (17) we obtain
N=(4.25X10%) Rn(E ;n(Ey) (E}, /E,p) aAET,, | (18)

where we have assumed that the absorption band is
Gaussian with a maximum value o, and a half-width
AE. For Zn-O0 the values of the constants enter-
ing Eq. (18) are n(E,) =3.46, n(Ey,)=3.33, Ey,
=1.77eV, E;;=2.13 eV, and AES0.24eV. In-
cluding screening effects (for a crystal with hole
concentration ~10* cm-%) 7,,=2x10"" sec for the
radiative Zn-O lifetime.® In a crystal in which
a@p=1.3 cm™, we find N=2.9%10'® cm~%. Hence,

R(Zn-0)=0.37 .

For the O centers, at which the absorption and
emission processes involve a continuum of valence-
band states, Eq. (18) is no longer directly ap-
plicable. Blakemore® has shown in this case that
the radiative lifetime 7, of the emission is related
to the absorption photo-cross-section o, [Eq. (4)]
by

1 ggn’ 2
Ty - TT% c E 0‘b(E)fu(Eu)dI;v ’ (19)

where E is the photon energy, f, is the occupation
factor for holes in the valence band, g, is the
statistical weight of the O donor, and the integral
is taken over the valence-band energy E,. We
may evaluate the integral in Eq. (19) approxi-
mately by noting that the product E%,(E) is
practically constant with E = E,, over the range of
E, for which the factor f, is nonvanishing. Taking
this product outside the integral, and writing

the Fermi factor as f,= (p/N,)e */*T Eq. (19)
becomes

ﬂ%rz E? O‘(Ea,, —~—— kT , (20)

where p is the free hole dens1ty and N, is the
valence-band effective density of states. Ina
previous study® of a crystal in which p=1.2x10'®
em™ at 300 °K, we found 0,(E,;)=4X10"® cm? and
25<7, <76 usec. Evaluating Eq. (20) for this
value of p and using N,=1.8%10' cm™®, we obtain
7,=6 Uusec. Since the lifetime calculated from
the experimental photo-cross-section is shorter
than the measured lifetime, we again find that
the lattice coupling enhances absorption relative
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to emission, i.e.,

0.08< R(oxygen)<0.25 .

VI. SUMMARY AND CONCLUSIONS

We have presented detailed data showing the
temperature dependence of the optical absorption
bands due to the deep oxygen donor and the Cd-O
and Zn-O isoelectronic centers in p-GaP. We have
found that the Cd-O and Zn-O bands can be de-
scribed by a simple classical model in which the
impurities are coupled to a single linear lattice-
vibrational mode. Utilizing this model we have
found that the electron binding energy of the Cd-O
isoelectronic complex decreases from 396 to 364
meV over the temperature range 10-300 °K. Over
the same range the electron binding energy of the
Zn-0O center decreases from 260 to 220 meV. The
applicability of the semiclassical model to these
centers indicates that their absorption properties
are dominated by exciton transitions.

For the oxygen donor, exciton effects are ap-
parently absent. Both coupling to the lattice as
well as the continuum nature of the initial elec-
tronic states of the optical transition contribute to
the shape of the absorption spectrum. We find
that the oxygen absorption band can be described
qualitatively by combining the usual (effective-
mass) band-to-impurity model for impurity absorp-

tion in direct-gap compounds with the configuration-
coordinate approach which accounts for the lattice
coupling.

Because of lattice coupling, the oscillator
strengths of the emission and absorption processes
(even the no-phonon processes) can differ signifi-
cantly. For both O and Zn-O, we have found that
the oscillator strength for absorption is enhanced
relative to the oscillator strength for the inverse
emission process.

Finally, we have noted that the optical absorption
spectra of zinc- and oxygen-doped p-GaP are to a
large degree dominated by the individual absorption
bands due to O and Zn-O centers. In addition,
significant absorption contributions are observed
due to inadvertently present donors and acceptors.
These inadvertent impurities produce absorption
tails both on the low-energy side of the band edge,
and on the high-energy side of the free-carrier
absorption spectrum.
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