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absorption and emission"; the position-dependence of
the band edge for majority carriers with respect to the
Fermi level, from position-dependent conductivity and
the photovoltaic effect."

Hill and Williams" have reported electric-field-
dependent luminescence spectra in graded zinc-cadmium
sulfide crystals. They have interpreted the linear shift
in the edge emission spectrum as field-enhanced minor-
ity-carrier transport between regions of different band
gaps. Shifts up to 45 A for band-gap gradients of a few
eV/cm were obtained with applied fields of the order of
10' V/cm. Solutions of Eq. (16) can be used to deter-
mine theoretically the field dependence of emission
spectra. Also, the density of states affects the field de-
pendence. From the inequalities (5), it is apparent that
much larger shifts can be predicted for mixed semicon-
ductors with larger composition gradients,

"L.J. Van Ruyven and I. Dev, J. Appl. Phys. 37, 3324 (1966).
"Indradev, L. J. Van Ruyven, and F. Williams, J. Appl. Phys.

39, 3344 (1968}.
~' R. Hill and F. Williams, Appl. Phys. Letters 11, 296 (1967).

Electroluminescence could in principle be achieved by
a mechanism specific to graded-band-gap systems, a re-
gion of which has a near-zero band gap. Minority car-
riers thermally generated in the small-gap region would
be transported to a region of larger gap by an applied
electric field, followed by radiative recombination. "

Finally, we propose that the behavior of excitons in
graded mixed semiconductors be investigated. For
proper systems, the valence and conduction-band gradi-
ents can induce motion in the same direction for both
electrons and holes. Thus graded-gap systems have:
unique advantages for the study of exciton transport.
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Radiation associated with shallow donor-acceptor electron transfer in silicon has been examined in the
liquid-helium temperature region for various combinations of group-V donors and group-III acceptors. The
spectra for all impurities are quite similar, exhibiting TA- and TO-phonon —assisted lines, as well as a no-
phonon line in all but the (Sb,B)-doped sample. A (P,In) sample exhibits an unusual extra line which is attrib-
uted to an LA-phonon —assisted transition. A theory analogous to that of Thomas, HopGeld, and Augustyn-
iak, modi6ed to take account of anisotropic donor wave functions, is used to analyze the line shapes and de-
terrnine rate constants and the impurity-pair Coulomb energy for pairs that decay at diBerent times after
impurity neutralization. This leads to a direct measurement of the indirect silicon energy gap of 1.166
~0.0010 eV and an exciton binding energy of 0.0102+0.0015 eV, when combined with infrared-absorption
measurements near the indirect gap. The analysis also indicates that optically determined impurity ioniza-
tion energies are correct, and that the thermally determined impurity activation energies and their con-
centration dependence probably result from carrier redistribution effects rather than modification of the
impurity ionization energies of the majority of the impurities.

I. INTRODUCTION

ADIATIVE spectra and recombination kinetics
associated with electron transfer between shallow

donors and acceptors have been reported for several

*Research supported in part by the National Science Founda-
tion.
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associated with this type of recombination process can
consist of discrete lines or a continuous band, and may
or may not be assisted by momentum-conserving
phonons, depending on the band structure and the
nature of the impurities. Aspects of this problem which
have been studied include the competition between
donor-acceptor and band-impurity recombination' and
the use of electron paramagnetic resonance (EPR) to
measure transition rates. '" A recent review article
on the general topic of donor-acceptor recombination
discusses most of the areas of current interest in this
field. "

In a previous work on shallow donor-acceptor
recombination radiation in silicon, ' the radiative spectra
for various impurities were reported, and it was sug-
gested how further analysis of this process could
provide accurate information concerning the indirect
energy gap in silicon, impurity and exciton binding
energies, and phonon selection rules. That work has
been extended to include most of the shallow impurities
in silicon and a wide range of decay times, and an
analysis has been carried out which does yield the above-
cited information.

In this paper, we 6rst describe the experimental
methods used to observe recombination radiation
spectra as a function of time after the electric charges
of the donors and acceptors are optically neutralized.
An analysis of line separation in these spectra gives
selection rules and energies of phonons involved in
indirect transitions, while comparison of theoretical
and experimental line shapes as a function of delay
time after neutralization permits the determination of
the recombination rate constants and the separations of
the donor-acceptor pairs which contribute to the
radiation peaks at different times. This leads to a
determination of the energy gap and the exciton binding
energy, as well as to better understanding of the
impurity ionization energies.

2. EXPERIMENTAL CONSIDERATIONS

The samples used in this study were cut from
compensated e-type single crystals of silicon and etched.
Their sizes were approximately 4)&5&3 mm. The
impurity concentrations were obtained from two types
of measurement. Room-temperature resistivity mea-
surements gave directly the difference between the
donor concentration S~ and the acceptor concentration
Ã~, and liquid-helium-temperature EPR measurements
in the equilibrium charge-state condition and in the
metastable condition, where most impurities are neutral
as a consequence of intrinsic illumination, yielded"
(E~ X~)jlV~. From 1V~—Xz a—nd (XD Eg)/ED both-
%~ and Eg are determined. Concentration values so
determined were checked in several samples by Hall
measurements and gave satisfactory agreement. The

"F. Williams, Phys. Status Solidi 25, 493 (1968).
"A. Honig, in Quuntlm E/ectronics, edited by C. H. Thomas

(Columbia University Press, New York, 1960), p. 450.
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FIG. 1. Schematic diagram of experimental apparatus.

TABLE I. Silicon samples used in this study.

Silicon samples
(donors, acceptors)

(P,&)
(P,Al)

(P,oa)
(P,in)
{Sb,B)
(As,B)
{Bi,B)
(P,B)I
(P,B)II

ND
Donor conc. (cm ') Acceptor conc. (cm ')

6.0X10'6
1.5 X10'6

2.8X10"
5.0X1016

5.9X10'6
3.4X10"

X1016 a

6.0X10"
1.8X10"

3.0X1016

3 6X10"
2.4X10"
3.0X10"
1.'7X10"
1.2X 1016

X1015 a

2.0X10"
1.8X10"

+ Because of a strong gradient of donor concentration in the bismuth-.
doped sample, it was not possible to rqake an accurate determination of
Na and Ng.

samples and their impurity concentrations are listed
in Table I.

The experiments described in this paper were
performed with the apparatus shown schematically in
Fig. 1.The two choppers have five evenly spaced teeth
and are mounted on a common shaft. The chopper
nearest the light source has open sectors of 30', while
the other one has open sectors of 10' and a mirror
knish on the side toward the light pipe. The midpoints
of both open sectors are arranged to be 36' apart. The
shaft is driven by a synchronous motor through a 10-
speed gearbox (Insco Corp. ).

When the light source, a 150-W projection lamp with
an internal focusing mirror, is uncovered by the 6rst
chopper, pumping light is transmitted through the 6rst
(rigid) light pipe, refiected from the mirror surface of
the second chopper, and transmitted through the
second (incoherent, flexible) light pipe. It then strikes
the sample, which is butted up against the end of the
light pipe, creating free holes and electrons which
rapidly neutralize the shallow impurities. As the
choppers rotate, the pumping light is cut off by the
6rst chopper, and after a time delay, the second chopper
allows the recombination radiation from the sample to
pass from the light pipe to the monochromoter. The time
delay from the cuto6 of the pumping radiation to the
center of the recombination radiation pulse is 0.236T,
where T is one period. Since the open sector of the
second chopper transmits for only a small fraction of a
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period, this mean time was taken as the delay time in
the measurement. This gives the following delay times
between the end of sample irradiation and the measure-
ment of recombination radiation for the chopper rates
used:

150Hz-+ 1.57X10 ' sec, 9.375Hz-+ 2.52X10 'sec,

37.5 Hz~ 6.29&10 ' sec, 2.344Hz —+ 1.01&10 ' sec.

The primary reason for using Aber optics instead of
conventional optics was the unavailability of a suitable
optical Dewar. There were, however, other bendits
inherent in this system, in particular the large f/0. 5
aperture of the 6ber optics and the great light-gathering
power of the internal mirror of the 150-% projection
lamp. These combined to give an extremely CKcient
optical puIQplng system. Since the 1.2-1Tl 6bcr-optics
light pipe stops transmitting at X 1.7 pm, it also Qters
out most of the extrinsic radiation.

The Bausch and Lomb 500-IIUIi monochromator has
a grating blazed for 5000 A in the first order. A wave-

length marker and a linear wavelength drive were

incorporated, and a 1-mm slit width (3.3-nm band-

width) was used unless otherwise specified. The detector
was a PbS photoconductor operated at —80'C, and
the output of the phase-sensitive amplifier was displayed
on a strip chart recorder. The coordinates of a smooth
curve through the experiInental spectra were then

processed by a computer which corrected for the
monochromator transmission, converted wavelength
intervals to energy intervals, normalized the curves,
and plotted the results.

%e attempted to make transient measurements at
shorter times than were possible with the system
described above by using either a xenon Rash tube or a
cooled ytterbium-in-glass pulsed laser with a 1.02-pm

emission as pumping sources and a cooled photomulti-

plier tube with an S-1 cathode as the detector. These
experiments were not very successful, primarily because

of the very low sensitivity of the photomultiplier tube in

our wavelength region. In addition, the xenon Rash

tube had a relatively low-energy output and the laser

exhibited a long pulse length.

In all of these experiments the sample was immersed

in hquid helium (or liquid hydrogen) and temperature

variation was achieved by pumping on the liquid.

Helium bubbling above the X point caused no trouble

because of the good contact between the sample and

the end. of the Qexiblc light pipe. Care was taken to
shield the sample from radiation other than that which

passed through the light pipe.

The energy of light emission E(R) which results from

the recombination of R bound electron with a bound

W(R) = Ws exp( —2R/k),

where TVO is a rate constant, E. is the separation of the
impurities, and 5 is the larger of the Bohr radii of the
two impurities.

Miller and Friedman'4 have proposed a form for
W(R) which takes into account the anisotropy of the
donor wave function. It applies to the single-photon,
no-phonon process in silicon when the pair separation
exceeds about 50 A:

W(R) = Ws(expL( —2/ui)(R„'+R s+ (ui/us)'R. ')'»j
Xsin'k, R,+expL( —2/ui) (R '+R '+ (ui/u&)s

XR„')'»jsin'k, R„+expt (—2/u, )
X (R,'+R„'+(ui/us)'R, s)"']sinsk, R,), (3)

where R= (R,i,,R„j,R,k) is the vector joining donor

impurity to acceptor impurity, g~ is the transverse
donor radius, g2 is the longitudinal donor radius, and

p, ls thc magnitude of thc wave vector Rt thc conduc-
tion-band minimum. 8'o is a constant de6ncd by

4.s irs&sN E IA Isle i I'(d"' —d"')'
H/'0 ———

9 m'c' g2g~'g2$, 8yg5

where t," is the vclority of light, m is the free-electron

mass, n is the index of refraction, g is the lattice con-

stant, y~ is the acceptor-state radius, and E, is the

energy separation between the donor state and the

acceptor state. The remaining constants A, c&'), d&'),

and d('& are constants which appear in the donor-state
wave function and acceptor-state wave function. '4

%hen appropriate numerical values are substituted in

"F.E. Williams, J. Phys. Chem. Solids 12, 265 (1960).
'4 P. MiBer and B. Friedman, (to be published),

hole is given by' "'3

L(R) =Eg—(Eg+En)+e'/eRaEsh. „. , (1)

provided that the donor-acceptor separation E. is large
compared to the donor and acceptor Bohr radii. E, is
the indirect gap energy, E~ and ED are the donor and
acceptor ionization energies, e is the electronic charge,
e is the low-frequency dielectric constant, and EI,I„„
is the energy of phonons which may be absorbed or
emitted in this process. The + sign corresponds to
phonon absorption and the —sign to emission. The
term e'/eR is the Coulomb energy Ec„i associated
with the ionized donor-acceptor pair. Since silicon is an
indircct-gap material, wc expect phonon participation
ln thc rccomblnatlon pI"occss, with thc phonon wRvc
vector equal to k., the wave vector at the lowest
conduction-band minimum. Since no appropriate
phonons are available for absorption at liquid-helium

temperatures, only the negative sign in Eq. (1) is used.
An approximate theory for an indircct-gap materiap'

gives a radiative recombination rate W(R) for a donor-

acceptor pair with isotropic wave functions,
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Eq. (4), one finds

Wo ——1.1X10 "/ri'a2ai' in cgs units.

It is seen from Eqs. (3) and (4) that this theory is
asymmetrical with respect to donor and acceptor radii.
The donor radius appears in the exponent regardless
of which radius is larger. This arises because of the
oscillating nature of the donor wave function due to
the conduction-band minimum at k&0 as compared
with the acceptor wave function derived from a
valence-band maximum at k =0.

Since k,
~
R

~
)50 for the pair separations that concern

us, sin2(k, R, ,„,,) oscillates rapidly as a function of ( R
~

and will be averaged because of the 6nite bandpass of
the monochromator. We therefore take the average
value over a cycle for these terms and rewrite Eq. (3)
in spherical coordinates

with separation ) R), where ) R( is related to E through
Eq. (6). (JR(t)) includes the angular dependence of the
recombination rate at given ( R(. One obtains, by an
analysis similar to that in Ref. 4,

(JR(t))=W(R)exp[ —W(R)t](Q(t)). (7)

(Q(t)) is the average over all donor distributions of the
probability that the acceptor has not been ionized prior
to time t by any donor. In order to 6nd the average
intensity per acceptor at a given energy, we must novr

su111 (JR(t)) over all possible angular orientations of the
impurity pairs with )R) appropriate to the given

energy, as expressed by Eq. (6). Multiplying (JR(t)) by
the number of available donors E~E.'dEdQ and integrat-
ing over the angular coordinates, one gets the following
expression for Es(t), the intensity per acceptor per
unit )R):

W (R,8,&)
0 0

Xexp[—W(R,8&)t]sin8dgd8. (8)
W(iR, 8$) = exp( —p[sin'8(1+ (y —1)cos'P)

+cos'8$}

W~ (R,8,&)= exp( —p[sin'8(1+ (y—1)sin'P)

+cos'8j}

This can be expressed as the sum of three integrals, each
of which (under suitable rotations of coordinates) is

equal to
1r 2x

(~~)Sz&(Q(t))R'Wo W3(R,8) exp[—W(R,8,g)tj
0 0

(5)

WI (r, 8)= exp( —p[1+ (y —1)cos'8)},
Xsin8dgd8. (9)with

W(R) = ,'Wo[W, (-R,8,&)+W (R,8,&)+W (R,8)], &s(t) =&(Q(t))R'

where

p=2R/ai and y= (a,/a, )'.
Equation (5) holds for an isolated donor-acceptor

pair. We proceed to derive results for a random distribu-
tion of a large number of impurities such as would be
found in a real crystal. The treatment of Thomas,
Hop6eld, and Augustyniak4 will be followed, but it
will be generalized to the case of an anisotropic donor
impurity. The assumption of a random distribution of
donor-acceptor separations is probably not justified for
very close pairs, but might be reasonable for the cases
that we are considering, where R)50A." For such
impurity separations, the discrete line spectrum which
one would expect for very close pairs due to the restric-
tion of impurities to lattice sites is smeared into a
continuous spectrum'" and the impurities can be
considered as if continuously distributed.

Taking the zero of energy as E, (E&+Ez) E~z, „, — —
Eq. (1) becomes

(6)E(R)=e'/eR.

We shall use this form for the statistical analysis.
The model which will be considered consists of a

single impurity of one type (for delniteness, an ac-
ceptor) surrounded by a large number of randomly
located donors. We assume that the acceptor and donors
are neutral at time t= 0. Consider the function (Ja(t)),
which is analogous to (Je(t)) in Eq. (18) of Ref. 4.
(J~(t)) is emitted light intensity at time t, averaged
over all donor distributions, for a donor-acceptor pair

Since a distance range ( dR) corresponds through Eq.
(6) to an energy range

ldEl = (e'/«') ldRI ~ (10)

Eq. (8) can be converted to I(E,t), the intensity per
acceptor per unit energy at energy E and time t

X exp[—W(PE '8 P)t]sin86+8, (11)

where p= e'/e.
Note that I(E,t), the spectral line shape at a time t

given by Eq. (11), is a function only of ai, a2, and the
product 8'0t, and does not depend on the impurity
concentration or on (Q(t)), which are merely multiplica-
tive constants. Thus a line-shape comparison with
theory may give information about the donor wave
functions, as well as the rate constants. First, the
applicability of the model to the real situation must be
discussed further.

A difhculty with the model is that it does not take
into account the presence of other acceptors. The major
statistical e6ect of the other acceptors is random
removal of electrons from some of the E~ donors.
This results in changes of the number of effective donors
surrounding an acceptor and in (Q(t)), which should
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resented on the figures. The chopping rate f used in

these representative spectra is 37.5 Hz for all the
samples except the (Bi,B), where f=150 Hz in order
to improve the signal-to-noise ratio. The effects of

varying chopping rate will be examined below, but we

erst turn our attention to more general characteristics
of the spectra.

Most of the spectra for the various samples are
similar, except for shifts on the energy axis. The general
pattern consists of three lines of comparable magnitude
and one line at the low-energy end which is an order
of magnitude weaker. These lines, going from the
highest-energy line progressively to lower energy, corre-
spond to emission of a single photon with no phonon
(NP), a single photon plus transverse acoustical (TA)
phonon, a single photon plus transverse optical (TO)
phonon, and a single photon plus two transverse
optical (2TO) phonons. These identifications will be
established later in this section. The shoulder seen on
the low-energy wing of the TO lines (for the samples
with the strongest emissions) is consistent with the
emission of a photon plus one TO and one TA phonon.
Some deviations from the general pattern are also
apparent. For the (Sb,B) sample, the NP line is missing.
The maximum amplitude that it could have is 3% of
that of the TO line. The (P,In) sample exhibits an
extra line between the TA and TO lines, which we
attribute to a longitudinal-acoustical-phonon —assisted
transition. Relative intensities of the components of
the spectra vary somewhat among the different samples.
Most evident among these differences is the prominence
of the NP line over the TO line in the (P,In) sample.
The 2TO lines are shown only for (P,B), (P,Ga), and
(Sb,B) simply because these yield the strongest signals.
However, weak 2TO lines have been discerned for most
of the other samples, and the nonappearance of this
particular weak line on some of the spectra is not meant
to signify its absence or disparate small amplitude in
relation to the TO line. The linewidths at a given
chopping rate vary a small amount among the different
samples. For a given sample, the XP lines are slightly
( 1 meV) narrower than their phonon-assisted replicas.

Spectra similar to those of Figs. 2 and 3 were taken
at different chopping rates. As one lowers the chopping
rate, the linewidth becomes narrower and the line
intensity weaker. The effect of chopping rate on line-
width is shown in Fig. 4 for one sample, (P,B). The
linewidth dependence arises because slow chopping
rates select out radiation from distant donor-acceptor
pairs which are subject to smaller variation of Coulomb
energy. In Sec. 4 8, this dependence is examined
quantitatively and used to determine the Coulomb
energy of the pairs involved in the recombination
radiation. For the present, we note that narrower
lines at slower chopping rates allow a more accurate
determination of the energy separation of lines in the
spectra and hence of the phonon energies. In addition,
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we are interested in the slower chopping rates because
the pairs whose radiation is selected out are the more
distant ones, and the ones most likely to be saturated,
i.e., neutralized, at time t=0.

As pointed out in Sec. 3, the analysis depends on all
of the donors being neutral at I=O. In order to check on
the neutrality of the charge state (or saturation) of the
impurities, we superimposed spectra taken with full
pumping light intensity upon spectra taken with half
pumping light intensity. If the class of pairs which is
contributing to the spectrum in question (by virtue of
having a decay time constant or, equivalently, a pair
separation appropriate to the frequency in use) is
largely neutral at 1=0, doubling the light intensity
does not change the saturation, and the shape of the
curve does not change. The absolute intensity does
increase, probably because of an increase in the penetra-
tion depth, increasing the volume of the sample which
is emitting. When the shape does change, it indicates
that some of the pairs involved in the emission are not
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FIG. 3. Luminescence spectra of (As,B) and (Sb,B) silicon
samples at 37.5-Hz chopping rate and of (Bi,B) sample at &5O-Hz
chopping rate. T=4.2 K.



R. C. ENCE AND A. HONI 6

IQO j

Si: P, B
T = 4.2DK——f "-

l 50Hz——f = 375Hz--- f= S37Hz
f * 2.34Hz

.75-

M

R
D
62
X+.50-
tsl

R
A.

Ltj
K

i

1

t

FM. 4. Luminescence spectra of
(P,B) silicon sample as a function
of chopping; rate. T=4.2 K.

Oe2 96 I.OO I.04
PHOTON ENERGY (eVI

.I20-

2TO AND NP LINES
T =42 K

f =37.5 Hz

.I I 8-

ll6
TO AND NP LINES
T=42 K0 f =9375Hz

tz: .060-
«f

g oss- I — I
056 t 1 I I

TA AND NP LINES
T"- 4.2 K

f = 9,375Hz

Fzc. S. Energy separation
of phonon replica peaks for
silicon samples with dif-
ferent combinations of
donors and acceptors.

,OI6

SAMPLE

saturated and the theory does not apply to the spectra
taken at this chopping rate or any faster one. Once a
chopping rate is found for which the spectrum saturates,
ail slower rates will also give saturation. For f= 150 Hz,
all samples a&ere found to be unsaturated, while at
f=9.3"/5 Hz, all the samples were saturated. At 37.5 Hz,
most of the samples were completely saturated, and
the few that were not sho~ed only a slight lack of
satul'Rtlon.

The identihcation of the phonon-assisted lines was
made from the measured line separations. One expects
the separation betvreen the NP line and the phonon
rephca lines to equal the energy of the appropriate
phonon(s) with wave vector equal to k,. The peak

separations of the lines for our samples are shown in
Fig. 5 and lead to the following energies for wave-
vector-conserving (k =k,) phonons:

TA phonon; 18.9+0.4 meV;

TO phonon: 58.3&0.4 meV;

—,
' (2TO) phonons: 59.8+0.4 meV.

The TA and. TO phonon energies are in agreement with
other wave-vector-conserving phonon energy evalua-
tions made from infrared-absorption studies, " re-
combination-radiation experiments, "" and neutron
scattering experiments. " The larger value of —,'(2TO)
may arise because of a shift in the most probable
phonon wave vector from the value corresponding to
the conduction-band minimum to R value corresponding
to about half of thc conduction-band minimum. FI'onl

the neutron scattering experiments of IIrockhousc, '
it is seen that this would correspond to an increase of
about 3% in phonon energy, in accord with our mea-
suremcnt. Thc above dlscusslon was prcdlcatcd on thc
assumption that the peaks of the NP line and the
phonon-Rsslstcd llllcs fox' a glvcn salTlplc have equal
Coulomb energies. These Coulomb energies are deter-
mined ln Scc. 43 fox' thc Np Rnd TO llncs, Rnd Rlc
shown indeed to have equal values, within the experi-
mental error.

'5 G. G. Macfarlane, T. P. McLean, J. E. Quarrington, and
V. Roberts, J. Phys, Chem. Solids 8, 388 (1959);Phys. Rev. 111,
1245 (1958)."J.R. Haynes, M. Lax, and W. F. Flood, J. Phys. Chem.
Solids 8, 392 (1.959); 8, 422 (1959).

'7 J. R. Haynes, Phys. Rev. Letters 4, 3M (1960)."B.N. Brockho|rse, Phys. Rev. Letters 2, 256 (1959}.
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Silicon
samples

(P,B)
(P,A1)

(P,Ga)
(P,In)
(Sb,B)
(As,B)
(Bi,B)
(P,B)I
(P,B)II

Relative
TO

intensity
(+30%)

1.000
0.059
0.450
0.066
0.095
0.042
0.030
0.034
0.028

NP intensity

TO intensity

0.22
0.39
0.39
2.0

&0.03
0.42
0.49

0.21
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17.6+0.8
18.1+1.0
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~ ~ ~
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mental photon energy at the point in question. Such a
determination of E, is independent of the value of the
exciton binding energy If", „ in contrast to previous
work, "" where If, was determined by adding the
estimated exciton binding energy to an accurately
measured absorption threshold energy or recombination
energy. %e shall work with the value of Ez, i

corresponding to the peak of the experimental curve,
and therefore rewrite Eq. (1) to correspond to this
choice

T
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Fla. 7. Theoretical and experimental values of the peak location,
half-width, and asymmetry for the (P,B) sample. Experimental
values (shown as error bars) are referred to the time scale at the
top of the graph, and theoretical values (shown as solid lines) are
referred to the Wot scale at the bottom of the graph. The theoret-
ical calculations were for a1 =2.11 nm and a2 ——0.93 nm. The
peak location curve is derived from the theoretical curves of Fig. 6.
The experimental peak locations are measured from an arbitrary
zero.

The source of the TO intensity variation from sample

to sample, as shown in Table II, is not well understood.
It undoubtedly involves different clustering tendencies

for the various impurities, as well as the variation in

relative line intensities of the components of the
spectrum. For a given pair of impurities, the intensity
seems to depend predominantly on the acceptor
concentration, over a wide variation of donor concentra-

tions, as seen in Table II for the three (P,B) samples

used. This is suggestive of a form of donor clustering

about acceptors.
The small difference in linewidth between the NP

line and its phonon-assisted replicas is probably due to
the energy spread of the participating phonon, rather
than to a difference in Coulomb broadening between

the two types of lines, since the results of Sec. 4 8
suggest comparable Coulomb energies of pairs respon-

sible for the NP line and for the phonon replicas.

B. Determination of Eppes l and 8'0

From Eq. (1) it is seen that E, can be determined if

the pair separation (and thus the value of Ec,„~) that

predominantly contributes to some part of the experi-

mental curve can be found. This is because E~, E~,
and E,~,„,„are known, and Ep~,~,„ is just the experi-

Eg =Euh. t. '-'+ (E~+ED)+E,ho- Ec. P-—' (12)

Here Epz, &,„"corresponds to the photon energy at the
peak of the experimental line. Of course, the sum of the
impurity ionization energies could be determined from
Eq. (12) if E, were taken as known.

In. order to determine Ec,„P"~ and Ws, I(E,f) was
computed from Eq. (11) for various values of the donor
radii a~ and a2, using 8'Ot as a parameter, since W 0 and
t enter into the line shape only in the form of their
product. These calculations were performed on a digital
computer, which was programmed to modify the results
by including the effect of the finite spectrometer band-
pass. The curves were then normalized to unity in
order to facilitate comparison with experiment. A result
of this calculation is plotted in Fig. 6, where a~ ——2.1i
nm and a~ =0.93 nm, the values appropriate to a
phosphorus donor (see Table III). The values of Wpf

increase by factors of 4 as we progress from curve to
curve toward higher energies. For a given 8 p, this
corresponds to changes of a factor of 4 in delay time or,
equivalently, in chopping rate. If the theory is appli-
cable to this experiment, it should be possible to super-
impose the theoretical curves and the set of normalized
experimental curves for the various chopping rates.
Comparison of Fig. 6 with Fig. 4 illustrates the excellent
correspondence. Ez,„ip""is then equal to the energy at
the peak of the matched theoretical curve, since the
theoretical zero of energy was taken at E, (E~+En)—

Eph p+ and lVO is found by comparing 8'Ot and t
for matched theoretical and experimental curves.

This analysis assumes that the predominant contribu-
tion to the linewidth comes from the Coulomb interac-
tion. Infrared-absorption studies of the transitions from
impurity ground states to excited states have shown

that the ground states have widths less than or on the
order of 0.5 meV, '4 "which is to be compared with the
narrowest lines that we observed, at f= 2.344 Hz, of
6 meV. This comparison supports our assumption. NP
and phonon-assisted lines likewise have width diBer-
ences of less than i meV, suggesting that the width
contribution due to phonon energy spread may also be
neglected.

» J. R. Haynes, M. Lax, and W. F. Flood, in IroceeChngs of the

Intern ati onal Conference on Semi conductor Ihysi cs, Pragu'e, 1960
(Academic Press Inc. , New York, 1961),p. 423.

'4 J. J. White, Can. J. Phys. 45, 2797 (1967).
» J. W. Richard and J. C. Giles, Can. J. Phys. 40, 1480 (1962).
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FIG. 8. Experimental 8'o versus impurity ionization energies
Bg Rnd Z~ fol vRrious combinations of donors Rnd Rcceptors.
T=4.2 K, chopping rate=9. 375 Hz.

The apphcation of the above method is strictly
applicable only to the XP hne, since the theoretical
equation (4) was derived only for this case. However,
it is reasonable to believe that the exponential depen-
dence of W(R) is the same for the phonon-assisted
transitions Rs fol thc Np tlRIlsltloQs. IQ this CRsc thc
analysis will yield a good value for Ec,„l of the phonon
replicas, but the 8"0 of the phonon-assisted transitions
must be treated as a phenomenological rate constant,
not necessarily related to the WII of Eq. (4).

In order to facilitate curve matching, the three
parameters of peak position, half-width, and asymmetry
(fraction of the half-width above the peak energy)
were chosen to determine best 6ts between theory and
experiment. Typical examples of these comparisons
are shown in Fig. 7, where the theoretical curves and
experimental points are shown superimposed. To CBect
the match of half-width and asymmetry, the theoretical
curves arc displRccd horizontally I'clatlvc to thc sets of
experimental points until the best 6t is obtained. The
horizontal displaccments must, of course, be identical
for each parameter so as to keep the relationship be-
tween 5 and 8'Ot the same for each. For matching the
pcRk locations) I'clatlvc vcI'tlcal dlsplaccIlMnts RI'c Rlso
permitted, since only the rate of change of peak location
vrith t', or the slope of the peak energy versus t curve,
Dlust be matched.

The agreement betveen theory and experiment is
qultc good» with thc cxccptlon of thc polDts collcspond-
ing to f=150 Hz. These were ignored during curve
Gtting because of the lack of saturation at that chopping
rate. The asymmetry is sensitive to relatively small
variations in the location of the high-energy half-
intensity point which corresponds, for the 37.5-Hz
curve, to the 50-A impurity-separation limit, below
which the theory begins to break down (see Fig. 6).
This may explain the discrepancy in theoretical and

NP LINE TO LINE

f =9.575 Hz
'I I I I I f f

NP LINE

l.l70-
ILd

~ l.l60-

TO LINE

cxperlmcntal asymmetry ln Flg. 7. Similar rcsUlts werc
obtained for the other samples when the appropriate
donor radii were used in the coIQputation, although
the errors were greater since the experimental errors
werc appI'cclRbly lax'gcx' with thcsc saIQplcs. ID order to
test the hypothesis that the donor and acceptor radii
cntcx' RsyIIlmetrically ln this CRlcUlRtloD %c repeated
thc above analysis Using thc Rcccptol 1Rdlus fl in place
of the smaller donor radius a2 in those cases where &

was appreciably greater than us Dor example, (P,il) j.
The major change was a decrease of about 5 or 6% in
the value of the theoretical asymmetry over the range in
which our comparisons werc made. This makes the
agrccmcQt. bad at Rll fI'cqUcnclcs Rnd fRvol's our former
treatment. Fox' coIQpax'lsoQ, wc also investigated thc
case of spherical donols with 1Rdil ranging from f.4 to

Rnd similar lRck of RgrccITlcnt, with asym-
metries less than 0.5, was obtained. Because of the better
agreement between theory Rnd cxpcriIDcDt, wc Used thc
anisotropic a~ and a~ values from Table III jn our
calculations.

The values determined for Ec, p' ~ and for g 0, for
both the QI' Rnd To lines at 9.375-Hz chopping Iate,
are shown in the last column of Table II Rnd in Fjg„8,
rcspcctivejy. A coIQpallso11 of thc theoretical
experimental magnitude and functional form of g 0
with the results on thc NP linc can now bc Rttcmptcd.
From Eq. (4) and the approxfma«proportionality"
of the shallow-impurity Bohr»dlus to the square of
thc j.onization enex'gy, onc px'cdlcts SO~A~'~'E~'~'.
The results in Flg- 8 Rrc Dot s~cicntly p~~cise to test
this prediction, although, wit»n thc experimental
error, they are compatible wit»t »om Eq. (4) the
Dlagnitudc of g 0 ls calcUlatcd to bc 5+ IOI scc-~, while
the experimental value is approximately 3g j04 scc—&.

The origin of this discrepancy of almost three orders of
Inagnitude is not clear at present.

Using the measured values of 8'0, thc peak values of
I(E,i) were calculated as a function of chopping rate

"A. Miller and E. Abrahams, Phys. Rev. 120, 257 ()95)).

I I I I I I I I
o

c." g." o- g ~ a)

SAMPLE

I'IG. 9. Calculated energy gap using opticany Rnd thermally
measured impurity ionization energies. Chopping rate=9.375
Hz, T=4.2 K.
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and compared with the experimental TO peak intensi-
ties, A normalized representative comparison' at four
different chopping"rates for the (P,Ga) sample is as
follows:

f {Hz)

150
37.5
9.375
2.344

Intensity (calc}

4.0
2.2
1.00
0.35

Intensity (expt)

1.9
1.6
1.00
0.5

Comparable results were obtained with other impurity
combinations. Neglecting the f=1 5-0zHresults, since
the experimental results there are bound to be low
because of nonsaturation, the agreement is satisfactory.
It is possible that donor clustering about the acceptor
can account for the deviations.

carrier redistribution, cluster formation, and Coulomb
interaction with charged impurities. Using the value of
E.,&derived with the aid of the optically measured
ionization energies and combining this with the value
E,(4.2 K) —E, .= 1.1558 eV, as determined by optical-
absorption techniques, "where E, , is the exciton bind-
ing energy, one obtains E. ,=0.0102+0.0015 eV. An
early theoretical treatment' of the exciton yielded an
order of magnitude estimate of 10 meV for the exciton
binding energy, and an estimate of E, , based upon an
experimental fit to a simple hydrogenic model" gave a
value 7—10 meV. An estimate of E,„,from a recombina-
tion-radiation experiment" resulted in a, value of 8 meV.
More recent theoretical work' " predicts an exciton
binding energy of 0.012—0.014 eV.

C. Energy Gap, Exciton Binding Energy, and
Impurity Binding Energies

E, was calculated for the various samples using
Kq. (12) and the values of Eo.„tp""listed in Table II.
Thermally and optically determined impurity ionization
energies, listed in Table III, were utilized. Both sets of
results are plotted in Fig. 9. It is seen that the optically
determined ionization energies lead to a consistent
value of 1.166+0.001 eV for E, (4.2 K), whereas the
thermal energies give values of E, determined from the
different samples which di6er by amounts exceeding
the experimental error. This gives strong support for
the thesis that the optical ionization energies are the
correct ones for the majority of the individual impuri-
ties, and that the thermally measured activation
energies are due to complicated processes such as

D. Temperature and Concentration Dependence

The temperature dependence of the recombination
spectrum in the (P,B) sample was investigated between
4.2 and 1.03 K but no signi6cant change in either the
intensity or the shape of the spectrum was observed.
Preliminary measurements were also made at 20 K and
a 150-Hz chopping rate on this sample. The most
striking effect here was the reduction of the linewidths
by a factor of almost 2 relative to the 4.2-3 linewidth. .
The lines also became symmetrical, shifted towards low
energy by about 0.002 eU, and increased in amplitude
by approximately a factor of 2.

"G. Dresselhaus, J. Phys. Chem. Solids 1, 14 (1956).
~'T. P. McLean and R. Loudon, J. Phys. Chem. Solids 13, 1

(1960)."T.P. McLean, Progr. Semicond. 5, 53 (1960).
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The effects seen at 20 K are most likely due to electron
impurity hopping and carrier redistribution among the
impurities prior to recombination. The lack of tempera-
ture dependence in the liquid-helium-temperature range
indicates that hopping has a negligible inAuence on
radiative recombination at times shorter than or about
equal to 10 ' sec and need not be included in the theory.

The concentration dependence of the TO lines for
three (P,B) samples at f= 150 Hz is shown in Fig. 10.
The significant difference among these curves is the
broadening on the high-energy side of the line for the
dilute sample. The other differences are within the noise
due to the small signals from the most dilute and most
concentrated samples. At 9.375 Hz, the differences
among the lines become barely discernable. The high-
energy side broadening of the dilute sample at short
times is expected, since we have a smaller number of
ionized impurities competing for the same number of
free carriers. This means that a greater percentage of
the close pairs will be neutralized and the sample will
be more saturated at short times. The lack of any other
concentration dependence in the line shape is in accord
with the theory, and supports the contention that
thermal ionization energies are due to statistical effects
and charge redistribution, rather than to actual change
of ionization energy of the majority of neutral impuri-
ties, since previous work indicated a large change of
thermal activation energy with impurity concentra-
tion.""In particular, a decrease in thermal activation
energy of about 8 meV relative to a very dilute sample
was reported for an impurity concentration of 10"/
cm', whereas our results for sample (P,B)II )ED
=:(1.8X10")/cm'1 shown in Fig. 10 indicate that any
energy shift relative to the dilute sample occuring in
our measurements is at least an order of magnitude
smaller than the reported thermal activation energy
shift.

Thus, it is strongly suggested by the concentration-
dependent studies and by the inapplicability of the
thermal ionization energies to the determination of
the energy gap, that thermal-activation experiments are
sensitive mainly to shallower energy states, provided
that there is a mechanism for efficiently transferring

"J.F. Barnes and R. H. Tredgold, Proc. Phys. Soc. (London)
78, 716 (1961)."R.S. Levitt, , Bull. Am. Phys. Soc. 7, 89 (1962).

carriers from the deeper states to the shallower ones.
An appreciable change in activation energy may thus
easily result from a relatively small number of impurity
complexes, which have a decreased ionization energy,
together with an eS.cient hopping or tunneling process
which allows carriers from other impurities to migrate
to the complexes.

A more complete investigation of temperature and
concentration e8ects on linewidths and radiation
intensities is now in progress. "

S. SUMMARY

Radiative electron transfer from shallow donors to
shallow acceptors in silicon has been observed with an
NP component, as well as TO- and TA-phonon-
assisted components, in partial agreement with the
selection rules of I ax and Hopfield. In addition, a
(P,In) sample exhibits an I.A-phonon —assisted compo-
nent. Other deviations in relative intensities of the
component lines, related to phonon selection rules, are
also reported.

Using anisotropic wave functions in the analysis of
the line shape at different delay times after neutraliza-
tion of impurities, good agreement with experiment was
obtained. The width of the indirect energy gap was
determined independently of the exciton binding
energy. Combining the gap measurement with infrared-
absorption measurements near the indirect transition
threshold yielded a value of the exciton binding energy.

The impurity ionization energies were found to be
consistent with the optically measured values but not
with the thermally measured ones. In connection with
this, no change in ionization energies was seen up to
donor concentrations of (1.8&&10")/cm'. The thermal
activation energy changes with concentration are
attributed to carrier redistribution effects, clusters, and
Coulomb interactions with charged acceptors.
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