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Sharp-Line Donor-Acceptor Pair Spectra in A1Sb
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We have observed sharp-line donor-acceptor pair spectra (type I) in Se-doped AlSb. We analyze the
spectra quantitatively by using a known solution of the Schrodinger equation for an electron bound to a
dipole of 6nite charge separation. Excellent agreement is obtained between the theoretically predicted and
experimentally observed spectra for the parameters Eg = 1.69 eV, E&——0.15 eV, Ez =0.04 eV, and an electron
Bohr radius a, =4.28 A.

INTRODUCTION
' ' B~ONOR-ACCEPTOR (D-A) pair line spectra seen

in photoluminescence were first positively identi-
fied in 1963 in GaP. ' They have since been observed
and identified in BP,' and spectra attributed to such
pairs have been reported in SiC.' We wish to report here
the observation of a series of sharp lines in AlSb which
we identify as D-A pair spectra. The spectra resemble
those observed in GaP and BP, but the sharp lines ex-
tend to a much closer pair spacing, i.e., R=7.5 A at
ns=3. A quantitative analysis, based on a solution of
the Schrodinger equation for an electron bound to a
dipole of finite charge separation, 4 leads to nearly com-
plete agreement between the theoretically predicted
and experimentally observed spectra.

AlSb has the zinc-blende structure with a lattice
constant a=6.125 A, and a low-frequency dielectric
constant K=11.2.' The optical transition at the energy

gap is believed to be indirect, with the conduction-band
minima at the (100) zone boundary. ' Undoped crystals
are normally p type and have a hole concentration
between 10"and 10"cm '. Se introduces a donor level
of binding energy E&=0.16 eV.'

EXPERIMENT

The samples were cut from single crystals of Se-doped
AlSb having an electron concentration at 300 K of
8)&10" cm ' and were heavily etched immediately
before being measured. The fluorescence was excited
with a Hg arc lamp and studied with a grating spec-
trometer. A typical line spectrum taken in liquid helium

below the lambda point is shown in Fig. 1. The spec-
trum contains two series of lines only one of which we

discuss in this paper. The lines of this series are identified

by shell number' in the figure. The relative intensities
of the lines, and in particular the absence of lines at

' J. J. Hop6eld, D. G. Thomas, and M. Gershenzon, Phys.
Rev. Letters 10, 162 (1963);D. G. Thomas, M. Gershenzon, and
F. A. Trumbore, Phys. Rev. 138, A269 (1964).' F. M. Ryan and R. C. Miller, Phys. Rev. 148, 858 (1966).

3 W. J. Choyke, D. R. Hamilton, and L. Patrick, Phys. Rev. 133,
A1163, (1964).

4 R. F. Wallis, R. Herman and H. W. Milnes, J. Mol. Spectry.
4, 51 (1960).We wish to thank Dr. F. Stern for bringing this paper
to our attention.

5 W. J. Turner and W. K. Reese, Phys. Rev. 127, 126 (1962).
R. J. Stirn and W. M. Becker, Phys. Rev. 141, 621 (1966).' W. J. Turner and W. E Reese, Phys. Re.v. 117, 1003 (1960).
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m=14 and 30, indicate that the members of each D-A
pair occur on the same type of substitutional lattice
site. Since the donor is known to be Se on an Sb site,
the acceptor must also be located on the Sb site. An
important feature of the spectrum is the appearance of
lines corresponding to close-pair spacings including the
third-nearest-neighbor pair en=3. This fact requires
that one of the binding energies, in our case ED, be large.
Since the spectrum also extends to pairs of larger separa-
tion, the other (acceptor) binding energy Ez must be
relatively small to produce the required overlap of wave
functions. A large ratio Eri/E~ simplifies the calculation
of the energy radiated by a given pair.

THEORY OF PAIR SPECTRA

Consider a D-A pair of separation E.. The energy
radiated by such a complex equals the energy needed
to create the excited (neutral) state from the ground
(ionized) stat. e. This is the energy E, needed to create
an electron-hole pair reduced by the binding energy of
the electron and hole in the 6eld of the ions and of each
other. This may be written

Jsv(R) =E,—Ei)'(R)—Eg"(R),
where En'(R) is the binding energy of the electron
(assumed to be captured first) in the field of the ionized
donor and acceptor ions, and E~"(R) is the additional
binding energy of a hole to this complex. For the most
distant pairs which can be resolved, E is larger than
both Bohr radii u, and a~ of the isolated donor and
acceptor. Equation (1) then reduces to

hv(R) =Eg Er) E~+Ee, — —

where ED and E~ are the binding energies of the isolated
centers and Eo e'/ER. This omits th——e overlap cor-
rection' and the van der Waals term. '

For the closest-spaced pairs the hole cannot be cap-
tured alone, since its binding energy is vanishingly small

(it has no bound state for R(0.64as), "and the electron
must be captured first. Jts binding energy En'(R) is
known from the calculation by%allis et u/. 4 of the energy

8 F. E. Williams, J. Phys. Chem. Solids 12, 265 (1960).
See F. Seitz, Modern Theory of Solids (McGraw-Hill Book

Co., New York, 1960), Sec, 58.
"W. B. Brown and R. E. Roberts, J. Chem. Phys. 46, 2006

(1967), and references cited therein.
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Fro. 1. Photoluminescent
emission spectrum from
AlSb at T&2.2'K. Shell
numbers label the lines
according to the pair
separations.
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of an electron in the field of a "finite dipole. "The energy
E~"(R) for subsequent capture of the hole is not known
exactly but is nearly equal to E& since the hole state is
only slightly perturbed by the tightly bound neutral
donor while the latter is little influenced by the diffuse
charge density of the hole. Thus for close-spaced pairs
Eq. (1) becomes

hv(R) =Ev ED'(R) Eg—. —

As E. becomes large, this equation approaches the same
limit as Eq. (1), i.e., Eq. (2). For intermediate values
of R, Eq. (3) provides a convenient and reasonable
interpolation.

ANALYSIS OF THE SPECTRA

In Fig. 2 we compare the R dependence of the experi-
mental energies with that predicted by Eq. (3) using
a,=4.28 A, ED 0.154 eV fo——r the determination of
Eri'(R), and E,—E~—E~=1.501 eV as obtained from
Eq. (2) for pairs of large separation. The agreement is
seen to be excellent throughout the entire range m& 3."
The discrepancy at m=3 is probably due to the failure
of the assumption leading to Eq. (3) when Eii'(R)
becomes very small (although it may reflect a changing
value of Eat small R). Above t'he m=3 doublet (dis-
cussed below), weak background emission rises toward
higher energy and ends abruptly with a peak at 1.658 eV.
In GaP such a high-energy limit is also observed approxi-
mately 30 meV below the band gap. If we assume that
the highest-energy emission line in A1Sb and the high-

energy limit in GaP are due to excitons of similar binding
energy, we conclude that the AlSb energy gap is
E,=1.69 eV and hence that Eii+E~=0.19 eV. Since
we have shown that E~=0.15, an acceptor energy of
E~=0.04 eV is predicted.

"We have also found that a 6rst-order perturbation-theory
calculation of Eo' /including the correction for overlap of the
donor wave function with the acceptor ion (Ref. 8), but neglecting
distortion of the wave function) gives very good agreement with
the exact values discussed in the text, if the Bohr radius is taken
as a, =6.2 A.

ANALYSIS OF DOUBLETS

The occurrence of doublets in the lines for m= 3, 6, 7,
and 9, as seen in Fig. 1, is a prominent feature of type-I
spectra —those for which donors and acceptors lie on
the same sublattice. This splitting occurs because the
A sublattice does not have inversion symmetry about
the donor or acceptor located on a 8 site. In contrast,
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FIG. 2. The energies of the type-I lines plotted against pair
separation in A. The experimental points follow Eq. (3)—solid
curve —with ED ——0.154 eV, e,=4.28 A, and E,—ED—E~=1.50j.
eV.

In Gap the ratio ED/Ez is normally between 1 and 2,
so that the a,ssumption E~"(R)=E~ is nol; justified,
and the data cannot be fit with Eq. (3). In this material,
however, the band-gap and binding energies are suffi-

ciently well known to permit a determination of Ez"(R)
experimentally with the help of Eq. (1). We find from
the pair spectra of Zn-S pairs that the difference E~
—Ez"(R) rises by about 14 meV between m=32 and
m=10, but is nearly constant between m=32 and
m= 55.
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TAsLE I. Energy splittings in meV of type-I
pair spectra in Se-doped AlSb.
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Since only the A (Al) sublattice, which lacks inversion

symmetry about an impurity on a 8 (Sb) site, can make
a contribution to the splitting, the effect is proportional
tO 8'A.

The second, polarization, contribution to ED' depends
on the electrostatic field c and the polarization produced
by this 6eld at the A (Al) lattice sites. It is proportional

the 8 sublattice on which the impurity ions lie has the
full cubic symmetry. Thus an acceptor at a position
E. relative to a donor is not necessarily equivalent to
the one at —E. The inequivalence occurs when all
three of the Miller indices describing the D-A separation
are nonzero. The splitting is expected to arise mainly
from two contributions: (1) the concentration of the
wave functions on the ion cores, and (2) the polarization
of the individual ions which leads to localized changes in
the dielectric constant. We examine the former effect
first.

The contribution to ED' made by the electronic charge
concentrated on a given lattice site can be calculated if
we know the complete (envelope-plus-core) wave func-
tion and hence the distribution of charge of the conduc-
tion electrons within each unit cell. Ke can approximate
this distribution by assuming that all of the charge is
concentrated at the lattice sites with the amount of
charge at an A (or 8) site given by the product of the
square of an envelope wave function F'(r) at that point
and a weighting factor W~ (or Wit) .The latter equals the
integral of the core wave function squared

~
N(r)

~

' over
the appropriate half of the unit cell (of volume sist') and
is normalized so that

W~+ Wit ——2.

to the polarizability nA of the 3 ions and hence to the
atom refractiort of the aluminum,

~A 3&+AMA )

where X~ is Avogadro's number.
Both of the above eRects—that proportional to t/t/'A

and that proportional to SA—have been calculated and
the results are shown in Table I.

When an isotropic hydrogenlike wave function is used
for the envelope function F(r), the contribution of the
first (W~) effect is found to be negligible. The second

(S~) effect gives agreement within about a factor of 2

for the first five doublets when the atom refraction is
chosen to be SA ——2. This is in reasonable agreement
with the value S=3 deduced for aluminum in A1203
(corundum) when the atom refraction of oxygen is
subtracted. "

The neglect of the distortion of the electron wave
function cannot properly be justified here and possibly
accounts for the observed discrepancies. This distortion
produces a concentration of the electron's charge on the
side of the donor opposite to the acceptor which can
make a significant contribution to the eRect of locali-
zation. This correction is most important for tightly
bound states for which the distorted wave function
overlaps only the four nearest neighbors.

An interesting consequence of this analysis is that for
donors and acceptors on the 3 sublattice the polari-
zation effect should be proportional to S~ which, by
comparison of the atom refractions of Sb in Sb&03 with
that of Al, is larger by a factor of 4."Hence the splittings
should be approximately four times as large.
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'~The molar refraction of an ionic compound A B„depends
only on the dielectric constant and the unit-cell volume t/' and is
equal to the sum of the atom refractions: S=X&,U(J 1)/(%+2)—
=xS&+yS&. The additivity property does not hold in valence
crystals where the bonding electrons are not localized near the
ions. The values of the index of refraction m=QIC for the com-
pounds of interest —1.768 for A1203 and 2.35 for Sb203—and the
atom refraction of oxygen, S=1.5, were taken from N. A. Lange,
Hartdbooh of Chemistry (Handbook Publishers, Sandusky, Ohio,
1949), 7th ed.


