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By means of long-wavelength photoconductivity,
isolated D~ states and D~ complexes in Ge and Si
have been investigated. The temperature-, uni-
axial stress- and magnetic field-dependences
of the photoconductivity spectra have clarified
several types of the many valley effects and the
electron- and spin-structures of the D~ states
and D~ complexes.

I. Introduction

In 1958, Lampert [1] predicted the existence of D~ ion in semicon
ductors, in which two electrons are captured by a positively charged
donor ion, like a hydrogen negative ion, H~.

The binding energy of the second electron in H~ has been actively
calculated variationally by many authors and the value has been found
to converge to 0.0555Ry with increasing the variational parameters.

As the analogy with H~, the predicted value of the D~ electron
binding energy by Lampert was 0.055Ry* (effective Rydberg) for semi
conductors, which corresponds to 'u0.54meV for Ge and 'ul.7meV for Si.

The first report of the observation of D~ center was published by
Dean et al. [2] who found corresponding peaks in the emission spectra
of Ge and Si. Their estimated energies of the second electrons in
the D~ centers are -ul.SmeV for Ge and 'u4meV for Si, which are about
three times as large as the predicted values.

The direct observations of the energies were done by Gershenzon et
al. [3] using SWT for Ge and Si. They measured the submillimeter
photoconductivities. Their obtained binding energies were also lar
ger than the theoretical ones.

It was found afterwards that these large binding energies are
associated with the complex-formation of the D~ center, so that the
true value of the binding energy can be obtained only by preparing the
isolated state of the D~ center using the sample with possibly
smaller impurity concentration.

n. Isolated D~ States and Uniaxial Stress Effects

The long-wavelength photoconductivity measurements for isolated D~
state in P-doped Si were first performed by Norton [4] and our group
[5] independently by using Michelson type and lameller grating type
Fourier transform interferometers, respectively, and they first ob
served the reasonable spectral shape of the D~ state resembling that
of H~. They confirmed that the threshold of the photoconductivity
spectra does not change at the impurity concentrations less than
IxIqIS cm~3p and concluded that the threshold energy of i^l.7meV must
be the' second electron binding energy for the isolated D~ state in
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P-doped Si.
On the other hand, it was supposed

that the measurement of the very
small binding energy of D~ electron in
Ge ('V'0.54meV) is possible only at very
low temperature with very small impur
ity concentration(<9xlO13 cm~3) . The
long-wavelength photoconductivity ex
periments were done at 0.38K with the
samples of 5xlol3cm-3 sb and As con
centrations by using 3He cryostat [6].

Figure 1(a) shows the photoconduc
tivity spectra without stress. The
threshold energies are appreciably
smaller than those reported before and
near the predicted value. The exper
imental values are 0.625meV for Sb
and 0.75meV for As.

In the measurements for Si, similar
chemical shift to the Ge case was
found between P and As impurities: The
threshold of the FIR photoconductivity
of D~ state in As-doped Si was ^^2.0
meV, which is about 0.3meV larger than
that in P-doped Si (see Fig.2).

The measurements for Ge under high
[lll]-uniaxial stress more than 2x10^

dyn/cm3 were done by a screw method [6] and gave the second electron
binding energy of '^^O.SSmeV both for Sb and As impurities, as shown in
Fig.1(b) , which is in a good agreement with the predicted value for
Ge.
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Fig.1 Long-wavelength photoconduc

tivity spectra of D~ states in
Sb- and As-doped Ge'Aa) of stress
free and (b) under high stress

The theoretical considerations on the D state in many valley
semiconductors and those in the high stress limit have been done by
Natori and Kamimura [7] , taking the anisotropy of the orbits into
account, but they neglected the electron-correlations. Therefore the
calculation gave a little smaller binding energy than expected.

It is well known that a Si crystal behaves as a semiconductor with
two valleys at the [100]-uniaxial stress limit. In our experiment
[5] an appreciable shift of the photoconductivity threshold was ob
served with increasing the [100]-stress at 1.5K down to about 0.7meV

and in a recent experiment at very
low temperature, it was confirmed
that the finite value at 0.35K
under high stress of about 2x10^
dyn/cm2 is "ul.lmeV both for P- and
As-doped Si and 'ul.SmeV for Li-
doped Si as shown in Fig.2.

To understand the curious ener
gy shifts of the thresholds down
to about a half of the predicted
value in Si, Larsen [8] gave a
theory including the following
assumption: i) The central cell
correction due to the short range
core-pontential is limited to the
inner orbit. ii) The effect of
the stress on the population of
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Fig.2 Long-wavelength photoconductivi
ty spectra of D~ state in P- , As-
and Li-doped Si of stress free (solid
curves) and under [100]-stress of
'V2xl0^ dyn/cm^ (broken curves)

174



D Stales in Germanium and Silicon

the electrons in the valley-orbits is stronger for the outer orbit
compared with the inner orbit. iii) An isotropic mass tensor for the
orbits is assumed. He caluculated the D~ electron binding energy for
P- and As-doped Si as a function of the [100]-stress using the spher
ical envelope function of Chandrasekhar [9] given by

[exp{-ar^-6r2) + exp(-ar2-Br^) ] (1+c|r^-r2 ) (1)

In his calculation, the binding energy of the second electron in
D~ state in P- and As-doped Si is reduced to about 40% of the initial
value and recovers to more than 90% of the initial one at the high
stress region. The reduction may be larger for As-doped Si and sma
ller for Li-doped Si compared with P-doped Si, because of the differ
ence of the valley orbit interactions in these dopants. These theo
retical results can well explain the experimental results of-the
stress effects on the shift of the threshold for P-, As- and Li-doped
Si. Similar reduction of the binding energy by applying stress was
observed for isolated A+ states in B-doped Si [10].

III. Magnetic Field Effects

i) Single valley case

The D~ state is frequently compared with H . Because of the iso
tropic nature of the electron mass in H~, various calculations for H~
have been done more actively than for D~. Two electrons captured by
a proton are known to be in the spin-singlet state and H~ has only one
bound state in the absence of magnetic field.

The analogy with H~ is probably well applicable to the highly
[lll]-stressed Ge with small impurity
concentration. Since the measurements

are done at very low temperature for
Ge and the spins of the electrons in
the isolated donors and the conduction

band are strongly polarized in the
magnetic field, the probability of two
electrons being in the D~ state, the
density of the D~ center, np- , is
largely reduced by the application of
the magnetic field according to the
following formula [11, 12]:
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Fig. 3 Magnetic field dependence of

long-wavelengtli photoconductivity

spectra of isolated D~ state in
Sb-doped Ge under sufficiently
high [111]-stress at 0.35K
(H//I// [111])

where Np, and are the densities of
donors and acceptors, G and g the rates
of the photo-excitations from the neu
tral donor, Dq, and the D~ state to
the conduction band, respectively, a"*"
and oq the^recombination cross-sec
tions of D and Dn for the conduction
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electrons, and g* the effective g-value.
The experiments have been performed using Ge samples with 5x10^3

cm~3sb. We used a specially designed ^He cryostat with Helmholtz-type
superconducting solenoid [11]. The results of the long-wavelength
photoconductivity are shown in Fig.3, (H//1// [111]). With increasing
the magnetic field, the photoconductivity intensity decays according
to eqs.(2) and the threshold shifts to higher energies. At higher
magnetic fields than A.SkG, the main peak at OkG splits into several
peaks and the spacings between adjacent peaks are found to accurately
coincide with the Landau level splittings of the conduction band,
h(O0, calculated by using the transverse mass, mt=0.082mo (mQ: the
free electron mass). In this case the first peak from the low energy
side is largest among the observed peaks.

The theoretical investigations on D~ state in magnetic fields in a
variational approximation have been done by Natori and Kamimura [13]
and by Larsen [14]. The magnetic freeze-out effect was calculated
for the spin-singlet state assuming a spherical energy surface.
Natori and Kamimura used the YKA type trial functions and Larsen
assumed the Chandrasekhar type envelope function (1) for his special
calculation method. The experimental shift of the binding energy was
compared with the theoretical one and the former was seen to be al
most parallel to the latter.

They also theoretically studied the excited states of D in mag
netic fields and found that the higher the magnetic field becomes,
the more excited states are bound, including the spin-triplet states
etc. They assumed a spherical energy surface as in H~. The experi
ments of D~ state in sufficiently high magnetic fields up to 8T were
performed with Ge samples with 5xlol3 cm~3sb under high [lll]stress.
However, we could not observe the signal due to the spin-triplet
state, probably being disturbed by the large magneto-resistance.

ii) Many valley case

In the experiments, the direc
tions of the magnetic field and
the photocurrent must be parallel
to the [100]-crystal axis, because
the four valleys in Ge should be
equivalent in the measurements.

Figure 4 shows the magnetic
field dependence of the long-wave-
length photoconductivity in a Ge
sample of stress free with 6xlol3
cm~3As at 0.35K. At high magnetic
fields you can also see the peak
splittings. In this case, the
photoconductivity intensity also
decays with increasing the magnet
ic field, as in the case of
stressed Sb-doped Ge, according to
eqs.(2). The inset of Fig.4 shows
the comparison of the decay
aspects between the theoretical
result and the experimental one.

On the other hand, the photo
conductivity in Sb-doped Ge sample
of stress free with the impurity
concentration of 5xlol3 cm~3 does
not show any remarkable change
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Fig.4 Magnetic field dependence of
long-wavelength photoconductivity
spectra of isolated D~ s1:ate in As-

doped Ge of stress free (many
valleys) at 0.35K (H//1// [100]):
In the inset the theoretical and

experimental decays of the photo
conductivity are shown, wehre g*
is chosen to be 1.56. The photo
conductivity intensities are nor
malized by the aid of Is-C.B. ex
citation spectra of the donor
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transition

with the magnetic field in the configu
ration of E//1// [100] as shown in Fig. 5.
Also in this case, the main peak clear
ly splits into several peaks at higher
magnetic fields than '^l.S'k.G. The spac-
ings between the peaks just coincide
with if we use the mass derived

from the curvature of the conduction

band energy surface in the [100]-direc
tion (O.llSmg). However the highest
peak in this case is the second peak
from the low energy side.

The difference of the spectral behav
ior of the D~ state in Ge of stress free
in magnetic fields between Sb- and As-
doped crystals is supposed to be as
cribed to the difference of the valley-
orbit interaction effect on the D~ cen
ter between Sb and As.

In many valley semiconductors even in
the absence of magnetic field the bound
state is not necessarily limited to the
single one. In other words, several
excited states including spin-triplet
states may be bound as suggested by
Natori and Kamimura [7]. Supposing from
the one-electron state of donors, the
valley orbit interaction in the D~ elec
tron in As-doped Ge must be so strong
that the spin-triplet ground state is
appreciably high from the spin-singlet
ground state.

On the contrary, in the case of Sb-
doped Ge of stress free, the valley-
orbit interaction is small enough that
the spin-triplet state is also bound and
located at just above the spin-singlet
state even at zero magnetic field. By
applying strong magnetic field the
lowest state alternates from the spin-
singlet state to the spin-triplet one.
Then non-decay of the photoconductivity
can be observed.

Figure 6 shows the change of the
long-wavelength photoconductivity
threshold obtained from Fig.5. The
bending point at about 6kG may be inter
preted as the spin-singlet to triplet
transition point. The extrapolation of
the triplet line to OkG gives the loca
tion of the triplet state at zero mag
netic field ('I'O.lSSmeV above the spin-
singlet state).

The assumption of the direct transi
tion from the lowest D~ state to the

conduction band-Landau levels may well
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explain the peak splittings having accurate coincidences with hu^.

In the case of Ge samples of stress free (many valleys), we have
found in Fig.5 that the second peak in the spectra is largest, com
pared with all other peaks observed. This experimental fact can be
explained considering the selection rules [11, 15] for the e+, e_
and ez excitations of the electrons from the D~ ground state to the
Landau levels of the conduction band, where e+ and e- mean the exci
tations by the right and left handed circularly polarized light and
ez by the z-direction polarized light. In the experiments the point
ing vector of the incident light was directed to the z-direction and
perpendicular to the magnetic field. On the other hand, in the case
of [111]-stressed samples, the largest peak was the first one from
the low energy side as seen in Fig.3. In this case we must take into
account that the D~ wave-function is almost confined into the plane
perpendicular to the magnetic field by the stress.
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a. (A

'0.5-

o %
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O k-

IV. D Complexes

What kind of variations in the long-wavelength photoconductivity
spectra of the D~ state can be observed with increasing the impurity
concentration? Figures 7 and 8 show the impurity concentration
dependences of the spectra of Sb-doped Ge at 0.38K and those of
P-doped Si at 1.5K. Both the spectra shift to higher energies with
increasing the concentration, though the changes seem to occur by
steps at their beginnings; that is, the lower energy peak gradually
decreases as the higher energy peak increases. Considering the
behaviors of the spectra, the phenomena cannot be understood by a
mechanism of a continuous change [12].

Norton at first assumed Dj for
mations in P-doped Si [16] , in
which D2 means an electron state
bound to two neutral donors.

On the other hand, Aleksandrov
et al. proposed a mechanism for
the change of the spectra of A"*"
states in B-doped Si [17]. For
convenience in the present dis
cussion, we replace the A+ state
in their paper with D~ state.
In their model, a D~ electron
may move up to a neutral donor.
Do/ nearest to a D+ center by
hopping, then the binding energy
of the D~ electron increases by
the Coulomb field due to the
0+ center.

In order to clarify the mech
anism of D~ complex formation at
the first stage, we performed
two kinds of experiments: the
temperature dependence and mag
netic field effect of D~ complex
spectra [18, 11].

i) Temperature dependence:
The samples used for this ex

periment are classified into two
groups. The impurity concentra
tions of the first group-samples
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Fig. 7 InfJurity concentration dependence

of the photoconductivity spectra of D~
states in Sb-doped Ge at 0.38K
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Fig.8 Impurity concentration dependence

of the photoconductivity spectra of D~
states in P-doped Si at 1.5K
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Fig.9 Long-wavelength photoconductivity spectra of
D~ coirplexes in Ge samples with 6.2xlol^ cm"^ and
3.0x10^^ cm~3 sb; In the inset, the photoconducti
vity intensity vs. reciprocal tenperature curves
represent the apparent thermal activation energies

are in the range of 40,9
xlol4 cm~3sb. Around

the concentration of
4x1014 cin~3sb the D~

states begin to form D~
complexes judging from
the results in Fig.7.
The concentrations of

the second group are
more than IxlQlS cm"3
Sb. The thermal acti

vation energy obtained
from the photoconduc
tivity intensity vs.
reciprocal temperature
curve for one of the

samples of the first
group agrees well with
the threshold energy of
the photoconductivity
spectra as shown in
Fig.9, while for a sam
ple of the second
group, the apparent

thermal activation energy becomes
appreciably smaller than that of the
first group, though the threshold
shifts to a higher energy as shown in
the figure.

It can be easily shown from the rate
equation of the recombination of the
D~ electron to a D+ center that the ap
parent activation energy becomes sma
ller than the true value of the acti

vation energy, if the direct recombina
tions of D~ electrons to D"*" centers
occur, and the agreement of the thermal
activation energy with the threshold
energy gives a strong evidence for few
recombination probabilities of D~ elec
trons to D+ centers [18]. Therefore,
this result denies the dominant exis

tence of D""-D+ pairs in the crystals
at the first stage of the D~ complex
formation.

ii) Magnetic field Effects:

Figure 10 shows the magnetic field
dependence of the long-wavelength
photoconductivity spectra of Sb-doped
Ge with a relatively high impurity
concentration of 9.9x1014 cm"3 under
sufficiently high [111]-stress at
0.35K, (H//1// [111]). (This concentra-

_  _ _ _ tion belongs to the first group under

of the photoconductivity spectra [111]-stress) .
of D" coitplexes in Sb-doped Ge this case, the photoconductivity
under high [lll]-stress (single intensity does not show any remarkable
valley) at 0.35K (n//1// [111]) decay with increasing the magnetic
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Fig. 10 Magnetic field dependence
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field. The decay was seen in the isolated D state under high [111]
-stress as shown in Fig.3. Similar result was obtained for As-doped
Ge of stress free with 6x10^^ cm"3 impurity concentration.

Assuming the model proposed by Aleksandrov et al. the photoconduc
tivity intensity must decrease with increasing the magnetic field,
because, in the D~-D''' structure, the two electrons in the D~ center
must be also in the spin-singlet state. This is not the case of the
present experiment shown in Fig.10. Therefore, at least, in the first
stage of complex formation, D~-D+ pairs as Aledsandrov et al. advoca
ted can not be dominantly formed, and the model of D2 state seems
to be preferable. However, one question arises considering the anal
ogy with H2. In the case of H2, the energy stabilization by forming
the molecule is about 20% of the initial binding energy of H~, while
in the experiment of D~ complex, the threshold shift of the D~ state
in Sb-doped Ge with increasing the impurity concentration from 5xlol3
cm~3 to 9.9x1o14 cm~3 is appreciably large; that is, from O.SSmeV to
'\'1.2meV (see the threshold of the large peak in Fig. 7). Similar
large shift is seen in P-doped Si as shown in Fig.8 (from 1.7meV to
S.SmeV). To explain these large discrepancies, we may present a
speculative model of the many valley effect on the D2 state; that is,
the three electrons captured by two positively charged donor ions are
stabilized in energy by belonging to three different valleys.

Considering the above results, for the iniJurity concentrations
over 2x1o15 cm~3 in Sb- or As-doped Ge, (or over lxlo3-7 cm~3 in
P-doped Si), D+ centers seem to have a great effects on the structure
of D~ complex. In large impurity concentrations, we must take more
conplicated model for the D~ complexes, including the assembly of
D+ centers and centers, etc.

The author would like to express his sincere thanks to his coop-
erators in this study; M. Taniguchi, M. Kobayashi, M. Hirano,
N. Sugimoto, t. Okamoto, N. Hasegawa and T. Shinbashi.
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