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Transitions from the ground states of Si, Te, and S donors associated with the lowest X con-
duction band have been observed to excited donor states associated with the next-higher X con-
duction band as well as transitions into the higher band. The X;.-X;. interband energy is found
to be 355+ 3 meV with the conductivity effective mass in the higher band being (0.14 +0.02)m,.

We report here the observation in GaP at 5.5 °K
of transitions from the ground states of Si, Te, and
S donors associated with the lowest X conduction
band to excited states associated with the next-higher
X conduction band. We believe this is the first
direct observation of impurity levels within the con-
duction-band continuum, and certainly the first
time they have been seen directly with optical ex-
citation. Moreover, the experiment provides an
excellent value for the X;.-X,. conduction-band cry-
stal-field splitting as well as an estimate of the
higher X conduction-band effective mass.

The first observation of impurity-related energy
levels within the continuum of a band was by Zwerd-
ling et al.! for B and Al acceptors in the valence
band of silicon. The transitions observed were
from the ground state (with s-like envelope func-
tion) associated with the p3,, valence band to ¢-like
excited states associated with the spin-orbit split-
off p,,, valence band. Kosicki and Paul® presented
evidence for the existence of donor levels associat-
ed with higher-lying conduction bands in hydrostat-
ic pressure measurements on GaSb.

Infrared-absorption measurements on GaP in the
300-600-meV photon energy range have been made
previously by Spitzer et al ., % Zallen, * Zallen and
Paul, °* Remenyuk et al., %" and Shmartsev ef al .®
The observed absorption has been attributed to X, -
X,. band-to-band and donor-to-Xj, conduction-band
transitions. The k-space symmetry of the final
state has been shown to be consistent with hydro-
static pressure data*® aswell as extrapolationfrom
data in GaAs,_,P,.°

The results of the present infrared-transmission
measurements on GaP are shown in Fig. 1 for
four samples doped with various donor species.
Plotted is the absorptoin coefficient as a function
of incident photon energy. The spectra are char-
acterized by a relatively sharp principal absorp-
tion peak followed by a broader band at higher en-
ergy. A schematic representation of the energy
levels involved in these transitions is shown in Fig.
2. We assign the principal peak to the 1s - 2p/
transition (i.e., from the ground state associated
with the lower conduction band to the m = +1 sub-
level of the hydrogenic 24 state associated with the
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upper (primed) conduction band). ! The higher-
energy absorption band we assign to the 1s - X3,

[ X,.)donor-to-higher- conduction-band transition.
A discussion of these assignments follows.

The symmetries of the band and donor levels in
Fig. 2 with respect to whether the donor impurity
is on a group-III (Si in GaP) or group-V (Te and
S in GaP) site have been discussed by Morgan. !!
Here the notation appropriate for the Si donor has
been placed in square brackets. At the tempera-
ture of the measurement, 5.5 °K, the electrons
are in the 1s ground states of the donors.'? Transi-
tions from the 1s ground state to excited states
associated with the same X, [ X;.] conduction band
have been reported earlier. !*!® In those measure-
ments it was clear that by far the dominant excita-
tion process is the 1s - 2p, transition. Since all
the parameters for the 2p; level, including its irre-
ducible representation 74+ 7T,, are similar to those
of the 2p, level, we expect the 1s — 2p; transition
to dominate in its spectral range.

The initial state in the observed transitions is
clearly the 1s ground state since the same donor
species shifts are observed for the 1s - 2p, transi-

Is—2p.
sok S=Cps
n
50 N\
i I | @Te55K |
®si,55K I
a0l k| @s,55°K
|

ABSORPTION COEFFICIENT IN cm’!
3
2

20r T T
- hom (Is~X3¢ [Xic])) ™~
lo] GaP -
0 1 1 1 1 1
300 400 500 600
PHOTON ENERGY IN meV
FIG. 1. Absorption coefficient vs photon energy for four

n-type GaP samples in the X;.-X,, interband energy region.
The room temperature carrier concentrations were 1:

S, 3.2x10'"; 2: Te, 1.4x10'; 3: Si, 2x10'"; and 4: S,
3x10%%, The spectrum for sample 2 has been shifted
downward by 100 cm™'. The strength of the 1s— 2p/ transi-
tion should be judged relative to the minimum in absorp-
tion near the low-energy threshold of the 1s—2p/ transi-
tion. This minimum in absorption represents the best
available estimate of the background absorption due to
other processes.
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\/ X3 X]

20y |
Is"---4- (T2) [A) ,E]
\ /X‘C[X“]
—
2p,
Is (a)[72]
FIG. 2. Inter-conduction-band donor-electron transi-
tions. The notation appropriate for Si donors in GaP is

in square brackets, the others apply to Te and S donors.

tion as have been observed for the 1s - 2p, transi-
tion!* (see Table I). Also, the strength of the
transition is proportional to the donor concentra-
tion (cf. sample 1 with 3x10'" cm™ and sample
4 with 3x10'® cm™ room-temperature carrier con-
centrations derived from S donors). The final
state 2p, is clearly lifetime broadened by the possi-
bility of a spontaneous decay into states of the low-
er X;.[ X;.] conduction band. The half-width of the
1s - 2p/ transition is ~ 20 meV compared to 0.6
meV for the 1s ~ 2p, transition. '® The total line-
width observed, however, undoubtedly includes
some broadening (small relative to 20 meV) associ-
ated with the large donor concentrating used to
observe the 1s - 2p; transitions clearly. The de-
crease of the intensity of the 1s ~ 2p; peak with
temperature is characteristic of donor excitation
spectra. ! At 80 °K the transition is still clearly
distinguishable, not broadened significantly rela-
tive to its half-width at 5. 5 °K, but reduced in
intensity. At 300 °K the transition is no longer dis-
tinguishable. The fact that the 1s - 2p] transition
was not observed previously®® must thus be re-
lated to excessively large intentional and/or unin-
tentional impurity concentrations. Qualitatively
the spectra in Fig. 1 are similar to photoexcitation
spectra of acceptors and donors inother materials.!®
The following expression for the conductivity
effective masses m{ and m¥ of the conduction bands
Xy.[X;.] and X3, [ X;.], respectively, can be derived
from prior studies of such transitions by Dumke!®

TABLE I. Donor-electron transition energies in
GaP (meV).
Is—2p,* 1s—2p) hvg
(+0.05) €° (1) (peak of 2p —2p,
Donor E (AE) (£0.3) E(AE)  1s— X3 [X) (1)
Si 74.9 82.1 432 460 +5 357
Te 82.6 (7.7) 89.8 441 (9) 468 +3 358
S 96.9 (14.3) 104.1 457 (16) 483 +3 360

aReferences 10 and 13. PReference 13.
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and Shmartsev et al.8:

my 4

my 1/ -e /v, Y @)
where

y=(hv,-€))/€; ) (2)

€; and €; are, respectively, thethresholds ofthe
1s -~ X;.[ X5.] and 1s - X; [ X, ] transitions, and kv,
is the photon energy at the maximum absorption
point on the 1s ~ X5, [ X;.] band. As a first approxi-
mation Eq. (1) gives (m#¥/m¥)=1.55 on the basis
of the Te and S donor data (for Si, kv, is not well
defined experimentally) when the value of €; usedin

. (2) is derived by adding the 2p-2p, interband
energy (Table I)to ¢;. In this approximation the
binding energy of the 2p_ level is obtained by sub-
tracting the energy of the 1s— 2p, transition from
€. Itis found to be 7.1, 6.8, and 7.1 meV (x1
meV), respectively, for Si, Te, and S donors.
Neglecting effects of effective mass anisotropy,
which we shall assume are the same for both con-
duction bands, we can estimate the theoretical ef-
fective-mass binding energy!” of the 2p, level
(Ep)apy, bY

(Ea)zpf (mg*/m¥) (Eplape - ®3)

This gives (Ep)ppy= (4.6+0.5) meV in the effective-

4451

mass approximation. !*'!7 Thus we find as a first
correction that the X;.-X; . interband energy differ-
ence is about 2.4+0.5 meV smaller than the

2p. - 2p, energy difference. A further iterative
calculation of (m¥/m¥) and (EB)Z,,; approaches
(mf/m$)=1.85+0.3 and (Ep)p,=4 meV, with (355
+3) meV for the average X;.-X,. interband energy.

In conclusion, we have observed excited states
of donors associated with the next-higher-lying X
conduction band. An analysis of the results gives
(355 £3) meV for the X;.-X,. interband energy and
a conductivity effective-mass ratio of (mi¥/m$)
=1.85+0. 3 for carriersinthetwobands. Thus

= (0.14+£0.02)m,, where m, is the free elec-
tron mass.!® The present measurement is unique
in its accuracy and falls approximately in the middle
of the range of X;.-X,. interband energies reported
previously. The extremes seem tobethe values of
290 + 10 meV reported by Dean et al.'® on the basis
of intrinsic absorption measurements and 470 meV
reported by Cardona ef al.'® on the basis of electro-
reflectance measurements. Our result is in good
agreement with the interband energy of 350 meV
reported by Shmartsev et al.® on the basis of ex-
trinsic infrared-absorption measurements and 340
meV reported by Dumke et al.?® from an analysis
of intrinsic absorption.

We wish to acknowledge the helpful cooperation
of Dr. T. S. Plaskett and Dr. R. C. Taylor in
making available the samples used in these mea-
surements. # We wish to thank Dr. T. N. Morgan
and Dr. W. P. Dumke for discussions on the re-
sults, and R. E. Fern for performing the experi-
mental work.
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U The preparation of the Si-doped sample of GaP has
been described by T. S. Plaskett, S. E. Blum, and L.
M. Foster [J. Electrochem. Soc. 114, 1303 (1967)],
with the GaP synthesized according to T. S. Plaskett
[ibid. 116, 1722 (1969)]. The other samples were pre-
pared by the vapor transport method described by R. C.
Taylor, J. F. Woods, and M. R. Lorenz [J. Appl. Phys.
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The binding energy of an electron bound to two ionized impurity atoms is calculated as a
function of the screening parameter 6, which occurs in the screened Coulomb potential. The
binding energy is found to diminish with increase in 6, ultimately becoming zero at 6 1,254,
The role played by such a system in the Mott transition is discussed.

I. INTRODUCTION

The binding energy of an electron, bound to a
donor atom in a doped semiconductor, relative to
the conduction-band minima is usually calculated!:?
for a single impurity atom in the crystal. On the
experimental side, it is known®* that the binding
energy of the electron decreases as the number of
donors increases until at some critical impurity
concentration there is practically no activation en-
ergy.

The theoretical problems associated with this
phenomena can be conveniently discussed in terms
of the potential of the singly charged donor screened
by the conduction electrons®:

V() == (¥ /kDe™™ (1)

where « is the static dielectric constant and ¢ is
the Mott screening parameter defined by g2
=4m* e2n* 3 /(ki?), n being the free-electron density.
The approximation that the electron is bound to
a single ionized impurity is, however, no longer
justified if there is considerable overlap between
the wave functions of electrons bound to two neigh-
boring impurity atems. The occurrence of such a
situation is governed by three factors: the static
dielectric constant «, the effective mass m*, and
the free-electron density ». The effect of x and of
m* can be seen from the expression of the Bohr
radius, a, =i°%/m*e?; since in semiconductors, « > 1
and m* <m, this means a greater radius than that
in the free space. An increase in the doping con-
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centration acts in two ways: First, it decreases
the average distance between impurities, and sec-
ond, it increases the value of ¢, which in its turn
leads to an increase in the average distance (#)
between the electron and nucleus of the impurity
atom.” An appropriate combination of these fac-
tors can lead to the situation such that (7»)~3d,
where d is the average distance between impurities.
We may note here that such a condition can some-
times exist at fairly low impurity concentrations,
e.g., for InSb it occurs at an impurity concentra-
tion of ~ 10'*/cm3. As this limit is approached,
there will be an increasing concentration of sys-
tems in which two or more impurity atoms are
participating. In the present paper we investigate
the stability of the simplest of these systems, con-
sisting of two ionized impurity atoms and an elec-
tron. We shall represent this system by Im," in
analogy with H,".

II. CALCULATION AND RESULTS

As shown in Fig. 1, 7, and », represent the dis-
tances between the electron and the nuclei a and b,
and R is the distance between the nuclei. We shall
carry out the calculation in the following units: unit
of energy = m*e*/i%?, unit of length ay=/2%/m*e.
Also & =gqay.

The Hamiltonian of the system may be written

H==3 V2= %a/y, — e */r,+e*R /R . (2)

At this point, the reader may well raise the ques-
tion whether it is justified to represent the poten-



