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1. INTRODUCTION 

There is a long-standing interest in the problem of dynamics of 
carriers excited from and trapped by shallow states in semiconductors. 
High freQuency phonons in many cases mediate the relaxation of the car
riers from free to bound states. Specific experimental evidence of the 
phonons involved could give direct information on the processes effec
tive in relaxation but as yet is missing. 

The process inverse to relaxation, the excitation of carriers 
from bound to free states by nonthermal phonons has been developed in 
the last years as a new spectroscopic techniQue called PIC (phonon in
duced condUctivity) 1) or phonoconductivity: Superconducting tunnel
ling junctions are used as high freQuency phonon generators with a 
bias tunable sharp spectral component. Sensitive detection of the ex
citation is possible by the change in conductivity. It has been shown 
by this techniQue that 

* Al-junctions transmit Quasimonochromatic phonons up to at least 
14 meV into Ge, i.e. freQuencies well beyond the Oebye freQuency of 
the lowest TA-branch in Ge; 

* strong phonon coupling to D-/A+ states of overcharged donors/accep
tors allows sensitive investigation of their properties; 

* one-phonon excitation from the ground state (GS) to the conduction· 
band (CS) is possible for donors in Ge since the many valley structure 
of the CS facilitates the conservation of the large phonon k-vector 1n 
the transition. 
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A problem connected with such a one-phonon transition is that 
the deformation potential coupling may be drastically reduced by the 
condition of momentum conservation because the wavelength of the cor
responding phonons may be much smaller than the extent of the wave 
function of the shallow bound states. Therefore, to understand the 
experimentally observed rapid decay of noneQuilibrium free carriers at 
low temperatures intermediate states have been invoked for relaxation 
such as the Quasi-hydrogenic ladder of excited states of the trap 
("Lax cascade", 2» or the weak binding of an additional carrier by a 
neutral trap in analogy to H-. 3) 

2. EXPERIMENTAL 

A typical experimental setup may be as follows 4): An Al-junc
tion as tunable phonon source is evaporated on one of the 15 mm x 5 mm 
faces of the 2 mm thick samples. The junction films are relatively 
thin (-15 nm) to prevent excessive down-conversion of the high freQuen
cy phonons by reabsorption within the films. 100 nm thick Al-contact 
films are evaporated on the side opposite to the junction for measure
ment of the conductance change. It is the bias U to the superconduc
ting tunnelling junction (bath temperature typically 1 K) that determ
ines the maximum energy (eU-2LA1) of the phonons emitted by the tunnel
ling Quasiparticles. This maximum phonon frequency is filtered by 
Lock-In technique if the junction bias is modulated (For a review see 
e.g. Eisenmenger 5». 

The side opposite to the junction is irradiated with visible 
light from an incandescent lamp on top of the cryostat via a glass 
fibre rod to produce free carriers (electron-hole, pairs) for a finite 
resistance of the sample (typically 1 MQ) to measure the phonon in
duced resistance changes. The carriers diffusing and drifting through 
the sample are partly trapped by the neutral donors/acceptors to form 
O-/A+-states with binding energies around 2 meV. 

A property specific to phonoconductivity as opposed to FIR-photo
conductivity is the strong gradient in phonon intensity away from the 
phonon generator not so much from geometrical spreading but more be
cause of the small mean free path (mfp) of high frequency phonons. 
This allows distinguishing configurations for additional information 
as detailed in 6): Measuring the resistance change between the con
tacts opposite to the generator means a long phonon path; measuring 
across the sample may mean a short phonon path if by appropriate pol- . 
arity of the measuring bias the appropriate type of carriers for ad
ditional O-/A+ production is drawn underneath the phonon generator 
where the phonon intensity is high. Epitaxially doped layered samples 
additionally allow to locate the detection zone and thus e.g. to es
timate the effective phonon mfp. A first example was given in 1). A 
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low or ohmic contact resistance is not essential in these measurements 
but the modulation frequency is limited to about 1 kHz because of the 
large electronic time constant for a high resistance. Higher modula
tion frequencies are possible by the installation of a trans impedance 
amplifier with small heat dissipation close to the sample within the 
cryostat rendering a better signal to noise ratio and, in addition, 
some information on the carrier dynamics in the sample. Similar 
devices have been applied by several authors in low temperature photo
conductivity (see e.g. Haller 8». 

Stress may be applied by tearing a yoke against the sample with 
a wire strained from top of the cryostat by a screw. It is measured 
either with resistive strain gauges near the top of the cryostat or 
with a pieZoelectric strain gauge adjacent to the sample. The analysis 
of our experiments (see below) indicates that "zero· stress may be in
definite up to 50 bar because of the needs of a firm positioning of 
the narrow samples. Some inhomogeneous residual stress may be due to 
the fact that the electrical connection to the junction and contact 
films is made by indium cones pressed against the sample. Near the sur
face there is another source of residual strains: the surface damage 
that may be produced by polishing with .25 um diamond grain which was 
the case for most of the Ge measurements described below. These 
strains will be more important for the highest phonon frequencies 
where the mfp is in the um range. Two types of processes determine the 
phonon mfp at high frequencies and low temperatures: elastic isotope 
scattering - Eph-4 and anharmonic decay - Eph-5• Only rough estimates 
are possible in the high frequency range: With dominant elastic scat
tering the resulting diffusion length may range from several 1000 um 
at 2 meY (- the threshold of the O--states) to several um at 12 meY 
(- the binding ener~y of the Do.) Thus the 2 meY phonons may excite 
the 0- across the whole thickness of the sample increasing the carrier 
density everywhere across the sample whereas the 12 meY-phonons ionize 
the 00 only in a thin layer beneath the junction generating a thin 
space charge layer which will mainly influence the contact resistance. 

3. RESULTS 

As mentioned before a basic problem in the phonoionization of 
shallow impurities in semiconductors is the k-conservation: the large 
extent of the impurity wavefunction as compared to the wavelength of 
the corresponding high energy phonons leads to a strong reduction of 
the interaction. There are two classes of shallow states where the 
restriction is relieved: 
1) The binding energy of O-/A+-states is only 1/20 of that of the 
corresponding neutral states within the effective mass approximation 
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(EMA) whereas the extent of the wavefunction is larger by only a 
factor of about 2. 
2) In the case of a many valley band structure such as the CB of Ge 
the bound neutral states are made up of Bloch functions of different 
valleys which may facilitate a large k-vector transfer by intervalley 
scattering in the transition. 
Both situations have been investigated by PIC measurements. 

3.1. Phonoconductivity response of O-/A+-states in Si and Ge 

In the case of O-/A+-states in Si and Ge the same conductivity 
thresholds are found as with FIR-conductivity showing that the excita
tion is in fact by a one-phonon process. Oifferences to FIR connected 
with the nontheless large phonon vector show up in the steepness and 
most spectacularly in the stress dependence of the phonon response 9) 
10). By the inclusion of details of the valence band structure in the 
calculation Haug and Sigmund 11) obtained good Qualitative agreement 
for the stress dependence of the phonoconductivity response in the 
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Fig. 1. Stress dependence of 
the phonoconductivity re
sponse of Ge:Be+. The sharp 
peak appearing with Increas
ing stress Is similarly 
observed 141 in the case of 
SI:B" Si:Al+, SI:Ga+. It is. 
however. not found in the 
stress dependence of the FIR 
response for the measured 
cases of SI:B+ and Ge:Be+. 

case of Si:B+ and Si:In+. More de
tailed comparison of the phonoconduc
tivity results with the so far re
stricted results of theory as well as 
FIR might be necessary for a complete 
understanding of the situation. Apart 
from the case of Si:B the only other 
acceptor where the stress dependence 
can be compared is the double accep
tor Ge:Be 12) where Quite similar cha
racteristiC differences are found as 
for Si:8 as shown in Fig.1.-

So far we have found no indica
tion of the existence of excited A+
states in Si as postulated from a m0-

del to explain the multiplet struc
ture of acceptor bound excitons in Si 
13). In contrast to the continuous 
chemical shift of the multiplet split
ting seen in the exciton case for the 
acceptors B, Al, Ga, and In we find 
for the binding energy of the corre-· 
sponding A+-states only for In+ a 
chemical shift (i. e. influence of, -
the central cell potential) from the 
effective mass value of about 2 meV 
(as observed for B+~ Al+. Ga+) to 
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about 6 meV 4) which may be regarded as another example for the so
called shallow-to-deep instability of the binding energy with increas
ing central cell attraction. 

The phonon interaction with these states is rather strong. From 
the resistance under illumination it is estimated that the detection 
threshold is below 109 cm-3 D-/A+ centers for our standard experimen
tal set up. At lower illumination intensities depopulation by the 
phonon irradiation is observed 14). 

3.2 Phonoconductivity response of DO-states in Ge 

We have found phonon induced conductivity thresholds correspond
ing to the respective DO-binding energies for Ge-samples containing 
Sb, p, and As with dopant concentrations of <10 12 em-3 to 6xl014 cm-3 
15). This means that Al-junctions emit primary phonons as determined 
by the junction bias up to the Debye frequencies of the transverse 
acoustic phonon branches in Ge. Fig. 2 gives an overview of the phono
conductivity response in n-Ge: The threshold near 2 meV is due to the 
excitation of the D--states and the steps near 9.9 meV, 12.4 meV and 
13.4 meV are ascribed to the one-phonon ionisation of SbO, po, and 
AsO, respectively. The high sensitivity for Sb is evident from the PIC 
signal of the As-doped sample where the Sb concentration should be 
below 1012 cm-3, the detection limit in photoluminescence measurements 
of the sample (K. Thonke, Stuttgart, private communication). The SbO
signal of a sample doped with 3x1014 em-3 Sb is shown in Fig. 3 in de
tail. The threshold at 9.9 meV (obtained by extrapolating both the 
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Fig. 2. PIC signal of Ge:P and Ge:P,As. The threshold at 2 meV be
long to the D-; t~e steps above about JO meV to ihe DO as indicated. 
P _ 2.4'1014 cm-; As. 6.0,1014 cm-; Sb < 101 cm-3

• 
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Fig. 3. PIC signal of· 
Ge:Sb. The precursor U. 1= 

.6 meV front of the ris~ at 
9.9 meV is a spectral 
property of the AI-Junction. 
The threshold for PIC is 
sharper than for FIR. A peak 
in the phonon density of 
states may be one reason. 
Sb = 3.0·IQI4cm-3 (PIC). 
Sb ~ 1.5.IQI4cm-3 (FIR) 16) 

"base 11ne" on the low energy side and the 
turning point tangent of the threshold to 
a common foot point) is much sharper than 
any corresponding FIR-response which ap
pears to be sensitive to a distribution of 
binding energies of donor complexes some
what below the binding energy of the isol
ated donor (see e.g. 16». The optical 
values for the binding energy are there
fore obtained from the sharp transitions 
to higher excited states extrapolating 
then to the continuum with the EMA. The 
optical value of 10.3 meY thus obtained 
for Sb is distinctly above the PIC-thresh
old. The feature in front of this thresh
old is a spectral precursor emitted by the 
A l-phonon source at an energy 2A = 0.6 meY 
before the main line. It can be distingu
ished only for sharp and prominent spec
tral structures on the detecting side. It 
proves that the gap of the Al-junction has 
not been reduced by the injection of Quasi
particles and phonons. The sharpness and 
intensity of the signal is specific to Sbo 
and may be due to the slow-TA peak in the 

phonon density of states in Ge. This would then mean that phonons with 
near zero group velocity exist deep and long enough within the sub
strate to induce the transitions. The electronic and defect state of 
the contact and subsurface zone could then have a significant influ
ence on the response. So far, correlated variations in this sense were 
not observed but also not systematically investigated. 

One important reason for the observation of the one-step phone
ionization of the donors in Ge is the many valley structure of the CB. 
Since the donor GS wavefunction is made up of Bloch functions of the 4 

111 -valleys an effective intervalley scattering takes place in the 
transition taking up the large phonon wave vector. On the other hand, 
so far we did not succeed to obtain an ionization Signal neither for 
the 5.8 meY Sn-donor in GaAs nor for the Ga-acceptor in Ge even if the 
binding energy of the latter was pulled down to 8 meY by uniaxial 
stress. In both cases the extrema of the corresponding bands are at 
k = O. 

For the donors in Ge uniaxial stress experiments confinm the 
picture of intervalley scattering. Uniaxial stress shifts the valleys 
of the CB and splits the degenerate bound states of the donors. As a 
conseQuence there will be a downshift of the binding energy and level 
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Fig. 4. Stress dependence of thresh
old height and position of the As
doped sample of Fig. 2 containing 
besides residual Sb also some P 
( III 1013cm -3). The threshold of P is 
visible only in curve 4 when 
enhanced enough by level crossing. 
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Fig. 5. Estimated diffusion length 
due to isotope scattering and 
singlet-triplet resonant scattering 

14 -3 (As, P - 5·10 cm , a
B 

- 3.65 nm, 
vu - 3.28 km/sec). 
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crossings with the lowest val
ley(s). The downshift is seen 
in the experiment as a shift of 
the threshold whereas the level 
crossings are manifest by 
maxima in the response. 

This is shown in Fig. 4 
for the As doped sample of 
Fig. 2 containing residual Sb 
« 1012 em-3) and P 
(-1013 cm-3): The shift of the 
As threshold from 13.4 meV down 
to 11.3 meV as well as the vari
ation of the threshold height 
according to the crossings for 
all three donors is clearly 
seen. The threshold of the po 
is only visible for the cross
ing condition. In contrast to P 
and As the expected small shift 
of the threshold of Sb did not 
show up. This may be due to an 
effective pinning of the re
sponse to the steep peak of the 
phonon density of states. 

Phonon transitions to the 
1s triplet can also be observed 
at small stress in the case of 
P and As: For these donors the 
1s-singlet <-> 1s-triplet GS 
splitting is in the energy re
gime of the O--response. If by 
the corresponding resonant 
scattering the phonon density 
becomes higher within the zone 
sensitive for O--detection, an 
increase of the signal is expec
ted. An estimate for the trans-. 
verse phonons shows (Fig. 5) 

that this extra scattering is 
strong at 2 meV (P) and less 
significant at 4 meV (As) when 
compared to the isotopic back
ground. In the experiment we 
obtain comparable signal in-
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Fig, 6. Stress dependence of the D
O 

singlet-triplet scattering super
imposed on the p --signal. 
P • 2.4·1014cm- • 
As II 1013cm-3. 

creases for both donors as 
shown in Fig. 6. At ··zero"· 
stress we find splittings of 
the 1s triplet differing from 
run to run which we attribute 
to residual uniaxial stress 
from mounting (typically 30 
bar). Taking account of this 
initial stress we obtain from 
the stress dependence of this 
signal the ground state split
ting in accordance with the op
tically determined values. (Pho
non scattering by the GS split
ting of the Sb donor in Ge was 
first observed by Dynes et al. 
17) by a 1 meV fixed frequency 
setup with Sn junctions as emit
ter and detector and variing 
the stress.) 

From the threshold shift 
(with the initial stress ac-
counted for) we obtain the 
stress dependence of the bind
ing energy as shown in Fig. 7 
for the case of P. The full 
lines are the expected energy 
differences taking (i) the 
optically determined binding 
energy at zero stress, (ii) a 

deformation potential constant of 16 eV for the GS splitting and the 
CB shifts. Our values are consistently smaller. The large discrepancy 
for the 100 direction is not understood. The correct orientation is 
ascertained directly in our experiments by the fact the GS-singlet
triplet scattering shows no splitting nor shift in this case. A slight 
misorientation, however, gives a fourfold structure in the level 
crossing eXpected for a nonsymmetry direction where all four valleys 
shift differently. Optical transitions from the GS to excited states 
do not show any shift nor splitting for 100 -stress. Extrapolating 
back to zero stress we obtain 9.91.05 meV, 12.41.05 meV, and 
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Fig. 7. Stress dependence of the pO_PIC threshold. Full lines are 
calculated with the optical values for the binding energies. The 
discrepancy for (lOO)-direction is discussed in the text. 

785 

13.4±.1 meV for Sb, p, and As, respectively. The difference to the 
optical values 18) of 10.3 meV, 12.8 meV, and 14.2 meV, respectively, 
apparently increases with increasing depth of the donor. Values 
derived from the temperature dependence of Hall measurements (lopez 
and Koenig 19» are somewhat below the PIC thresholds. 
By the combination. of the OPC for the band shift, the value of the 
ground state splitting at zero stress and the stress and threshold 
energy for level crossing we obtain the OPCs for the ground states of 
Sb, P, and As as 16.5 ± .5 eV, 16.0 ± .5 eV, and 15.7 ± .5 eV, 
respectively, i.e. there seems to be a small chemical shift of these 
constants. 

4. SUMMARY 

Phonoconduction spectroscopy of shallow states in semiconductors by 
help of superconduction Al-junctions as phonon sources with high spec
tral resolution is a sensitive new technique with phonon frequencies 
well up in the Oebye range. The large k-vector of the phonons involved 
opens new possibilities for the investigation of electron dynamics and 
states in semiconductors. 
Financial support by the Deutsche Forschungsgemeinschaft is gratefully 
acknowledged. 
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