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Abstract 

A large number of impurity complexes which create shallow 
levels, have been discovered in pure and doped germanium 
single crystals. The structure and the composition of several 
of these complexes have been determined using far infrared 
spectroscopy and information about crystal growth related 
residual impurities. In general, the complexes consist of a 
heavy substitutional impurity binding one or more light, 
interstitial impurities such as hydrogen or lit~ium. The 
coupling between the tunneling motion of the interstitial 
component and the electronic struct~re of the complexes can 
create complicated groundstate manifolds which contain stress 
insensitive components. Spectroscopy further shows that mul­
tivalent centers, such as double or triple acceptors, become 
hydrogenic complexes upon binding one or two hydrogen atoms 
respectively. Neutralization of.shallow acceptors in silicon, 
which has recently attracted attention, appears to be the 
same phenomenon as the valancy reduction of multiple accep­
tors in germanium. 
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I. Introduction 

Far infrared spectroscopy has played a key role in the explo­
ration of shallow levels, so called "hydrogen analoga in the 
solid state", in the forbidden energy gap in semiconductors. 
The effective mass theory {EMT) [1,2] sucessfully describes 
the shallow states in terms of a hydrogen like center in a 
medium with the relative dielectric constant E and an appro­
priately averaged effective mass m*. The binding energy E of 
an electron bound to a positively charged donor core is: 

E = - ( 1 ) 

with e = charge of the electron, Eo = permittivity of vacuum 
and~= Planck•s constant/2n. 
With IR-spectroscopy one observes electronic dipole transi­
tions from the ground state to one of the bound excited sta­
tes. Typical photon energies required to initiate such tran­
sitions reach from- 3meV {25cm- 1 , 400um) to- 300meV 
{2500cm- 1 , 4um). An excellent review article on the "hydrogen 
analog in the solid state" has been published by Ramdas and 
Rodriguez [3). 

Advances in the purification and structural perfection of 
semiconductor crystals, mainly silicon and germanium and more 
recently also gallium arsenide, have led to ever improving 
IR- spectra. The smaller line widths enabled the discovery of 
bound states with quantum numbers as large as ten. The rich 
experimental data r4,5l have stimulated the development of 
advanced theoretical treatments of shallow acceptors (6,7]. 
The theory for donors, less complicated because of the sim­
pler band structure, had been developed a while ago [8]. 

The excellent state of affairs regarding the understanding of 
ground and bound excited states of shallow acceptors and 
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donors has been a great help in the study of impurity and 
defect complexes which form shallow levels. The first such 
complexes were discovered by Hall [9] in ultra-pure germanium 
which had been developed for the fabricaton of gamma ray 
detecting p-i-n diodes r10]. In the meantime a large number 
of shallow level complexes have been found and characterized. 
It is the purpose of this review to summarize the current 
knowledge about these complexes. 

2. Experimental Techniques 

Spectroscopy of shallow level complexes in germanium requires 
photons with energies in the range~ SmeV to SOmeV (i.e., 

-1 -1 ) v: 40cm to 400cm or A: 250um to 25um . No broadly tuna-
ble, strong far-infrared sources exist in this energy range. 
Interferometers working with hot blackbody sources and with 
computers which can efficiently perform Fourier transforma­
tion of an interferogram into a spectrum, are the spectrome­
ters of choice in this photon energy range. The older inter­
ferometers which record the interferogram point by point, are 

now slowly replaced with very sophisticated rapid- scan in­
struments which can perform on-line fast Fourier transforma­
tion and offer a great amount of operating conveniences. 
The standard techniques used to observe dipole transitions of 
bound carriers is absorption spectroscopy. At very small 
impurity concentrations, the absorption signals become smal­
ler than the fluctuations in the transmitted photon stream, 
resulting in a signal-to-noise ratio much smaller than unity. 
Under these circumstances, one has to use a two step ioniza­
tion technique which has been discovered by T.M. Lifshitz and 
F.Ya Nad• fll]. Fig.1 shows this process for a shallow hydro­
genic donor. The bound donor electron is excited through the 
absorption of a photon of appropriate energy from the ground 
state to one of the bound excited states. At a temperature 
between~ SK and !OK the phonon population in the germanium 
crystal is sufficiently large for the carrier in the excited 
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state to be transferred with a finite probability into the 
band instead of falling back into the ground state. The pho­
to-thermally generated free carriers lead to a change in the 
conductivity of the germanium sample. 
Application of a voltage bias generates a current which in 
turn is transformed into a voitage signal by a transimpedance 
amplifier (TIA). The schematic of a widely used circuit is 
shown in Fig.2. A major advantage of a TIA is that the bias 
is held constant across the sample with a difference ampli­
fier. Long RC- times which one encounters with very pure, 
high-impedance samples are inactive because of the constant 
bias scheme. The critical elements of the TIA are the load 
resistors and the junction field effect transistor (JFET). 
The load resistors should be of the highest quality, prefera­
bly made of metal or metal oxide film. Cooling reduces the 
kTR noise of the channel. The field effect transistor can be 
cooled to about lOOK. Upon further lowering the operating 
temperature, the doping atoms in the channel begin to freeze 
out and the device becomes very noisy and eventuall; it cea­
ses to function. Metal-oxide-semiconductor (MOS) devices of 
the enhancement mode type do work at very low temperatures 
but they are still noisier at low frequencies than junction 
field effect transistors by many orders of magnitude. The 
following table shows some results of noise measure~ents on 
n-channel JFETs in the grounded gate source followe1· configu­
ration fl2]. The results obtained in this configuration do 
not directly reflect the performance in the actual TIA cir­
cuit but they offer useful guidelines for the selection of 
appropriate JFETs. The additional measurements of the gate 
leakage current further narrows down the choices. 
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TABLE 1: ROOM TEMPERATURE JFET VOLTAGE NOISE 

FET VOLTAGE NOISE @ 10Hz (nV//Hz) 

2N4416 21.0 
2N3875 17.6 
TCG132 11.4 

J230 7. 3 
2N4867 6.4 
2SK147 4.4 

In the above discussion no mention was made of the contacts 
on the semiconductor which are required to make direct con­
ductivity measurements. In order to operate at low temperatu­
res the contacts must be degenerately doped~ The contact fa­
brication process should not compromise the purity and struc­
tural perfection of the sample. This requirement practically 
excludes high temperature diffusion of dopant atoms for con­
tact fabrication. Ion implantation followed hy annealing at 
moderate'temperature yields excellent ohmic contacts and does 
not alter the crystal quality. Low implantation voltages 
(20-40kV) and implant doses in the range of 4 to 8x1o 14 cm- 2 

of boron or phosphorus ions for p+- or n+- contacts respecti­
vely, are typically used. Boron has been shown to be electri­
cally active without annealing [13], though treating the 
crystal at 250°C for 2 hrs removes most of the lattice damage 
and leads to improved contacts. Phosphorus needs to be "acti­
vated" (i.e., the phosphorus atoms have to find substitutio­
nal lattice positions) at around 330°C. Higher temperatures 
increase the probability of copper contamination. All annea­
ling processes are performed in an inert gas atmosphere. The 
residual oxides can be removed with a 1% solution of HF in 
water. Pressing fresh, clean indium foil against the implan­
ted annealed layers completes contact formation. Soldering or 
evaporation of metals may lead to strain in the crystal which 
in turn may result in highly undesirable line broadening. 
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Fourier transform spectroscopy coupled with photothermal 
ionization offers superb resolution and sensitivity. The 
technique is being adopted by an increasing number of labora­
tories for donor and acceptor spectroscopy studies in Si, 
GaAs and other compound as well as alloyed semiconductors. 

3. Complexes containing hydrogen and electrically neutral 
impurities: A(H,Si), A(H,C), D(O,H) 

Impurity complex studies in high-purity germanium date back 
to the discovery of the rapid quench ~cceptor and donor by 
R.N. Hall f9l. After quenching from temperatures around 
425°C, the ultra-pure germanium samples turned p-type. Iso­
chronal annealing leads to the by now well known p- to n-eon­
version and eventual return to the pre-heating condition as 
shown in Fig.3A. The maximum concentration of quenched-in 
shallow acceptors which convert through annealing to a compa­
rable concentration of sh~llow donors is approximatly 

11 -3 1-3x10 em • 
An unambigous link between the hydrogen crystal growth atmos­
phere and the rapid quench centers was established through 
the isotope shift in the ground state of the rapid quench 
donor and acceptor [14]. The isotope shift can be brought 
about through the substitution of hydrogen with deuterium. 
These experiments showed that hydrogen which is dissolved in 
the crystal, takes part directly in the formation of these 
rapid quench centers. Crystal growth in mixed gas (50% H2 and 
50% o2 ) further showed that only one hydrogen atom is causing 
the isotope shift. From this fact it was concluded with high 
probability that only one hydrogen atom was actually incorpo­
rated in each of these rapid quench donors and acceptors. 
A less direct, but still very strong link could be establi­
shed between the crucible material containing the Ge melt 
during crystal growth and the rapid quench centers. All the 
crystals grown from a silica (Si0 2 ) crucible in a hydrogen 
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atmosphere showed the centers after rapidly quenching. In 
addition it was possible to suppress the donor formation by 
deliberate Si doping, Fig.3B. These material correlations 
strongly suggest (though do not absolutly prove!) that the 
rapid quench acceptor contains hydrogen and silicon A(H,Si ), 
while the donor consists of oxygen and hydrogen D(H,O). Sili­
con and oxygen are supplied to the melt and to the crystal 
through the slow reduction of the crucible by the liquid 
germanium and the hydrogen at temperatures close to the mel­
ting point (T .... 936°C). The oxygen concentration, as measured 
by the lithium precipitation technique (15), lies around 
6-10x1o 13cm- 3 • This technique makes use of the formation of 
stable LiO-donors which can be measured electrically. The 
suppression of the donor formation in crystals doped with 
excess silicon can be explained with the formation of stron~ 
gly bound SiO complexes. Oxygen bound in such complexes is no 
longer available for donor formatirin. 

Crystals grown from melts contained· in bulk graphite or gra­
phite coated crucibles contain acceptors with properties very 
similar to the A(H,Si) centers. Radioactive carbon labeling 
experiments [16] show that a carbon concentration in the 
1o 14cm- 3 to 1o 15 cm- 3 range is found in such crystals. We 
conclude from these observations that the shallow acceptor 
centers in the graphite crucible grown crystals consis~ of 
hydrogen and carbon and lable them A(H,C). Comparing the 
maximum concentrations of A(H,Si), A(H,C), and D(H,O) with 
the concentrations of the constituents H, Si, C and 0 it 
becomes evident that onlyc;.very small fraction (- 10- 3 ) of 
these neutral impurities combine to form the electrically 
active complexes. 
IR-Fourier transform spectroscopy revealed some unusual ground 
state properties of these acceptor and donor complexes. The 
D(H,O) donor spectra do not exhibt any energy shift or split­
ting under uniaxial stress in all three major crystallographi: 
directions ((1111, [110] and (100]). At a well defined stress 
value, which is different for each of the orientations, a new 
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spectrum appears at lower energies. Again this lower energy 
spectrum does not shift or split in energy with stress. Becau­
se of this stress insensitivity these spectra are unusually 
sharp compared to spectra of the most important residual donor 
phosphorus. This experimental finding was appreciated early 
and is reflected in the fact that the D line series was labe­
led "S" for "sharp" by Secombe and Korn [ 17]. 
The effective mass theory adapted to shallow donors in Ge[8] 
cannot account for the experimental observations on the D(H,O) 
donor. The abrupt change in the ground state energy requires 
an extra internal degree of freedom. Falicov proposed a model 
in which the extra degree of freedom is provided by the tunne­
ling motion of the interstitial hydrogen atom around the oxy­
gen impurity ( 18,191. 
The nuclear motion is assumed to couple to the electronic 
structure of the donor-complex. The idea of a light tunneling 
inte··stitial impurity goes back to an earlier model by Falicov 
which describes the donor D(Li ,0), this center also exhibits 
unu~ual behaviour under uniaxial stress [20]. The tunneling 
hydrogen model can quantitatively account for all the experi­
mentally observed properties. 

Both acceptor complexes, A(H,Si) and A(H,C), also exhibit 
unusual ground state properties. Line intensity ~tudies as a 
function of sample temperature revealed that both centers 
have split ground states. The two ground state components 
lead to two hydrogenic series of lines. The ratios of corres­
ponding lines are proportional to a Boltzmann factor with an 
energy value in the exponent which is equal to the energy 
separation of the two line series. This fact reflects the 
distribution of holes between the two ground state components 
and directly shows that the two hydrogenic series belong to 
one center with a split ground state. The splittings are 
1.1meV and 1.9meV for A(H,Si) and A(H,C) respectively. 
Fig.4 shows one of our most highly resolved spectra. The crys­
tal was grown in a deuterium atmosphere and the hydrogenic 
series of lines of the residual acceptors Al and B as well as 
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the two hydrogenic series belonging to A(D,C) are visible. 
The lower energy lines originating from the shallower ground 
state component of A(D,C) are rather weak at the measurement 
temperature of 7.5K. 
The model which quantitatively describes the properties of 
A(H,Si) and A(H,C) is again based on the rapid tunneling 
motion of the light, interstitial hydrogen atom around the 
substitutional Si or C impurity respectively, [ 19,20]. A 
detailed description of the dynamic tunneling effects of 
hydrogen in these centers is presented in an other paper tn 
these conference proceedings [22]. 
Let us now briefly return to Fig.3 and summarize the various 
processes leading to the isochronal annealing curve in part A 
of the figure. The heating cycle at T = 425°C before the 
rapid quench process leads to dissociation of a very small 
but significant fraction of H2 molecules in the Ge crystals. 
Upon quenching to room temperature the atomic hydrogen cqn~ 
centration becomes supersaturated and the hydrogen eithe~ 

recombines or gets trapped at impurity sites. From the expe­
rimental observation that A(H,Si) forms first, we must assume 
that substitutional silicon produces an extended strain well 
which attracts interstitial atomic hydrogen. The binding 
force, the nature of which is still unknown, must be small 
because A(H,Si) already dissociates at room temperature. Upon 
annealing, the hydrogen atoms which are liberated from A(h,­
Si) centers become more mobile and fall into the more stron­
gly binding but less extended strain wells around oxygen 
impurities, leading to the formation of the D(H,O) donors. At 
- lOOoC the donor complexes begin to dissociate as well. 
With increased mobility, the hydrogen atoms find each other 
and recombine to hydrogen molecules. We have returned to the 
starting point. This whole cycle can be repeated as often as 
one likes as long as the temperature does not exceed- 500°C, 
when significant loss of hydrogen leads to irreversible re­
duction in the concentration of A(H,Si) and D(H,O). Part B of 
Fig.3 can be explained in the same way if one just leaves out 
the donor formation and dissociation. As mentionned before, 
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there is no free oxygen in silicon doped Ge crystals. The 
stress insensitivity together with the low concentration of 
O(H,O) offer the ideal system in which the intrinsic widths 
of ground and bound excited states of shallow donors can be 
explored. Such experiments are in progress and have yielded 
linewidth as low as- SueY [23). Far IR-alcohol lasers which 
are pumped with a co 2 laser are used for these experiments. 
The ground-to bound excited state transitions are tuned 
through the discrete laser lines with a magnetic field making 
use of the donor Zeeman effect [24]. 

4. Complexes containing hydrogen and the multiples acceptors 
Be, Zn and Cu 

Copper is a rapidly diffusing impurity in germanium. It moves 
interstitially but also assumes substitutional positions in 
which i~ acts as a triple acceptor r25,26l. Contamination of 
ultra-pure Ge single crystals with Cu has been and still is 
one of the biggest problems for ultra-pure Ge detector tech­
nology. It is then not too surprising that copper related 
impurity complexes were found in the early phases of ultra 
pure Ge development (27]. Spectroscopy of p-type crystals 
containing copper and hydrogen showed at least two series of 
nydrogenically spaced lines belonging to centers with ground 
states around 17 to 18meV above the valance band top. Recent 
studies with o2 and H2+ o2 atmosphere grown crystals revealed 
that the copper acceptor binds two hydrogen atoms [28]. Fig.S 
displays spectra of A(Cu,H 2 ), A(Cu,HO) and A(Cu,o 2 ). The 
spectra are perfectly hydrogenic which mecns that the bound 
hole which is excited with photo1s "sees" only one charge. 
This in turn means that the triply charged Cu impurity binds 
two positively charged protons (deuterons) which screen two 
of the three charges. An alternative possibility is that Cu 
leaves its fourfold coordinated position and assumes a two-
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fold coordinated place. The two dangling Ge bonds are satu­
rated by the hydrogen atom. Detailed studies which should 
lead to a quantitative model are in progress [28]. Such a 
model has been proposed to explain acceptor neutralization in 
Si f29l. 

The complexes which form with Be and Zn, both substitutional 
double acceptors, contain only one hydrogen atom each, lea­
ding to single acceptors (30,31]. The A(Be,H) centers exhibit 
two lines series which do not split into two equal parts 
under f111l stress. In full analogy to A(H,C) and A(H,Si), we 
assume that A(Be,H) is a tunneling center. 
The properties of A(Zn,H) differ from the hitherto described 
tunneling hydrogen complexes. Uniaxial stress along [111] 
splits each line into two components with a 3:1 intensity 
ratio. The larger component shifts only a third as far as the 
smaller component. Centers oriented along [111] and distribu­
ted among all four equivalent <111> orientations could ac­
count for the observed splitting. The hydrogen is assumed not 
to tunnel in such a configuration. 

An explanation for the differences in the A(Be,H) and A(Zn,H) 
acceptor complexes may be found in the strength of the hole­
hole interaction of the two substitutional double acceptors 
Be and Zn. Thewalt et al ~32] have shown that this interac­
tion increases in group II acceptors with increasing atomic 
number. The resulting ground state splitting in the two hole 
states is the smallest for Be and the highest for Hg. If we 
view the proton in the double acceptor-hydrogen complexes as 
a very heavy hole, then the heavy hole-light hole interaction 
would again lead to a large ground state splitting which in 
turn may lead to hindered tunneling of the proton or to a fi­
xed proton position. Our hypothesis could be evaluated with 
studies of other double acceptor-hydrogen complexes such as 
Mg-H, Cd-H or Hg-H. To our knowledge no results have been 
published on such centers. 
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The role played by hydrogen in the multivalent acceptor-hy­
drogen complexes differs significantly from the role it as­
sumes in the centers A(H,Si), A(H,C) and D(H,O) described in 
the preceeding chapter. Whereas hydrogen is bound as H- to 
the impurities of the group IV, (Si and C) and of the group 

VI, (0) it appears as H+ in the multivalent acceptor comple­
xes of impurities belonging to group I and II. If we consider 
additional recent information gained from silicon, in which 
all group III acceptors have been shown to become neutral upon 
complex formation with hydrogen f29,33], an interesting syste­
matics for hydrogen complex formation evolves. The periodic 
table of elements can be divided into two large groups. All 
group I, II and III elements seem to bind H+ when they occupy 
substitutional lattice sites while all group IV and VI impuri­
ties seem to bind H-. Recent information on group V donor 
compensation in silicon [341 extends this general picture to 
include group V impurities as well. Compensation of group III 
acceptors and group V donors in germanium has not yet been 
demonstrated and awaits experimental verification. In a some­
what naive picture one can summarize the role of hydrogen in 
germanium and silicon as follows: Hydrogen binds to many impu­
rities and defects. Centers with excess valence electrons 
(donors) donate the extra electrons to one or more hydrogen 
atoms thereby forming H-, while electron deficient centers use 
the electron of the hydrogen atom to complete their Lewis 
octet, leading to H+. The impurities of group IV seem to sta­
bilize the second electron in the hydrogen orbital, leading to 
H-. This general picture, based exclusively on experimental 
observations, awaits a theoretical explanation. 

5. Other complexes 

Most impurity complexes which have been discovered in pure 
and doped germanium contain either interstitial hydrogen or 
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lithium. There are however a few complexes which do not con­
tain these light impurities. 

A special group of acceptor complexes is produced upon rapid 
quenching of pure Ge samples from temperatures close to the 
melting point. These centers have been studied by Kamiura et 
al f35l, using mainly Hall effect. In collaboration with 
Broeckx et al, PTIS was performed on appropriate samples. 
Several hydrogenic series of lines were discovered and, as in 
the case of the tunneling hydrogen complexes, they were able 
to show that some centers produce two sets of hydrogenic 
lines, indicating split ground states. Copper has been invol­
ved as one component of the various complexes. Iron has been 
suggested as forming with the copper the center called 
SA 1(n) f36l. This identification has been questioned again in 
a more recent paper by Kamiura and Hashimoto [37]. More w~rk 

is required to obtain a full understanding of the structure 
and .the composition of all the SA centers. 

A most unusual acceptor impurity complex, which can assume 
two configurations, is related to the presence of carbon and 
nitrogen during the crystal growth process. The same center 
can be created in crystals which have not been in contact 
with carbon or nitrogen after they have been exposed to li­
quid KCN salt for several hours at temperatures around 600°C. 
There exists strong evidence that we are observing cyanide 
ions in either interstitial, A(CN)I, or substitutional, 
A(CN)s, locations f38,39l. The signature of A(CN)I is a hy­
drogenic set of lines, A4, which splits under stress like all 
the elemental acceptors (Fig.6). A(CN) 1is the stable form of 
the complex above 400°C. Slow conversion to A(CN)S takes 
place at temperatures below 300°C (Fig.?). This form of the 
complex produces two hydrogenic sets of lines A3 and A5 which 
are stress insensitive Fig.6. The interconversion between the 
two configurations of the cyanide ion related acceptor is 
fully reversible. Fig.B shows the equilibrium ratio 
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r = [A(CN) 5 l![A(CN) 5 + A(CN) 1) as a function of annealing 
temperature. This ratio can be described with a Boltzmann 
distribution requiring two parameters: an activation energy 
~E and a degeneracy factor g. A fit to the experimental data 
using r = 1/(1+g exp(-~E/kT)) leads to ~E = 0.45eV and g = 
1.6x10 6 . We obviously do not observe a simple two level sys­
tem in which, at high temperatures, the two levels would be 
equally occupied. The very complete interconversion from one 
into the other configuration requires the large degeneracy 
factor. This experimental observation can be interpreted in 
terms of a large free energy (F) reduction of the high tempe­
rature form A(CN) 1 produced by a large entropy term: F = 
E-TS. It is this unusual equilibrium behaviour which forces 
one to assign the low temperature configuration to the sub­
stitutional and the high temperature configuration to the 
interstitial cyanide ion complex. Fig.9 and Fig.10 schemati­
cally illustrate the configurations of A(CN) 5 and A(CN) 1 
respectively. 
A complete summary of the properties of impurity complexes in 
pure and doped Ge has been published recently (40]. 

6. Conclusions 

Far infrared spectroscopy with external disturbances such as 
uniaxial stress and magnetic fields, together with crystal 
growth related residual impurities information, has led to a 
rather complete picture of numerous shallow level impurity 
complexes in ultra-pure and doped germanium. Many of the 
centers which have been observed consist of a neutral substi­
tutional im~urity (Si, C, 0) and a light interstitial impuri­
ty (H, Li). These centers lead to shallow acceptor and donor 
levels which exhibt complicated ground state manifolds. A 
model based on the tunneling motion of the light impurity in 
the vicinity of the substitutional impurity can quantitative­
ly explain the experimental results. 
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The dominant role of hydrogen in the formation of these cen­
ters is not restricted to germanium. Recent work has demon­
strated that hydrogen can passivate shallow acceptors [29] 
and donors f34] in silicon. Deep levels also have been neu­
tralized with hydrogen. 
A 11 the ex peri menta 1 r e s u 1 t s seem to i n d i c a t e t h a t hy d r o g e n 
has a strong tendency to bind to any imperfection in the 
semiconductor lattice. 
Single or multiple acceptors bind one or more protons which 
in turn screens the negative charge of the acceptor core. 
Each proton screens precisely one core charge as can be seen 
from the perfectly hydrogenic character of the hole spectra 
of A(Be,H), A(Zn,H) and A(Cu,H 2 ). In the case of group IV, V, 
and VI impurities, the extra valence electrons seem to for~ 

bonds with hydrogen, or a negatively charged hydrogen ion_is 
stabilized in an antibonding position of a neighbouring lat­
tice atom f34]. In this sense, hydrogen exhibits amphoteric 
properties: it can neutralize both acceptors and donors. The 
phenomenological description of the formation of complexe~ 
leading to electrically active centers in some cases (e.g. 
A(H,C), A(H,Si)) and to partial or full neutralization in 
other cases (e.g. A(Be,H), A(Cu,H 2 )) so far lacks a detailed 
theoretical basis. It is our hope that the reviewed and on 
going experimental work stimulates theoretical effort~ which 
in turn could lead to a clear understanding of the structure 
of and binding forces in these novel centers. 

Acknowledgments 
Much of the experimertal and theoretical work reviewed in 
this paper has been performed by my graduate students N.M. 
Haegel, J.M. Kahn and R.E. McMurray Jr. at UC Berkeley. The 
availability of the IR facilities of P.L. Richards and the 
theoretical support of L.M. Falicov had the strongest influ­
ence on the progress of this work. w.L. Hansen developed the 
ultra-pure Ge facilities at Berkeley with the continued sup-



- 16 -

port and interest of F.S. Goulding. The work has been suppor­
ted in part by the u.s. Department of Energy under contract 
No. DE-AC03-76SF00098 and in part by the US NSF under con­
tract No. DMR-8502502. 
I am indebted to the Max-Planck-Institute for Solid State 
Research for its hospitality. I thank the Alexander von 
Humboldt Foundation for a u.s. Senior Scientist Award which 
enabled me to stay in the Federal Republic of Germany. 



- 17 -

References 

[ll c. Kittel and A.H. Mitchell, Phys. Rev. 96, (1954) 1488 

f2l J.M. Luttinger and w. Kahn, Phys. Rev. 98, (1955) 915 

[31 A.K. Ramdas and s. Rodriguez, Rep. Prog. Phys. 44, 

( 1981) 1297 

f4l E.E. Haller, w.L. Hansen and F.S. Goulding, Adv. in 

Physics 30, (1981) 93 

r5] E.E. Haller, Festkorperprobleme (Advances in Solid State 

Physics) XXVI (1986) in print 

f6l A. Baldereschi and N.O. Lipari, Phys. Rev. 88, (1973) 

2697, Phys. Rev. 89, (1974) 1525 and Proc. 13th Int. 

Conf. Phys. Semic. ed. by F.G. Fumi (North-Holland 1976) 

p.595 

(7] J. Broeckx, P. Clauws and J. Vennik, J. Phys. C: Solid 

St. Physics 19, (1986) 511 

r-81 R.A. Faulkner, Phys. Rev. 184, (1969) 713 

[9] R.N. Hall. IEEE Trans. Nur:l. Sci. NS-21, (1974) 260 and 

Inst. Phys. Conf. Series 23, (1975) 190 

[10] W.L. Hansen and E.E. Haller, Mat. Res. Symp. Proc. 16, 

(1983) 1. See also: E.E. Haller and F.S. Goulding, Hand­

book on Semiconductors Vol.4 Ch.6, 799-827, ed. by C. 

Hilsum (North-Holand, Amsterdam 1981) 

( 11 l T. M. L i f s hi t s and F. Y a. N ad, So v. P hy s- 0 o k 1 a dy 1 0 , 

(1965) 532; for a review see: Sh.M. Kogan and T.M. 

Lifshits, Phys. Stat. Sol .(a) 39, (1977) 11 

(121 N.P. Palaio, MS thesis, University of California, 

Berkeley; Lawrence Berkeley Laboratory Report LBL 16695 

(1983) 

f 13 1 K • S • Jones , M S the s i s , U n i v e r s i ty of C a 1 i for n i a , 

Berkeley; Lawrence Berkeley Laboratory Report LPL 19615 

(1985) 

(141 E.E. Haller, Phys. Rev. Lett. 40, (1978) 584 

[ 151 R.J. Fox, IEEE Trans. Nucl. Sci. NS-13 (1966) 367 

[161 E.E. Haller, W.L. Hansen, P. Luke, R. McMurray Jr. and 

B. Jarret, IEEE Trans. Nucl. Sci. NS-29, No.1 (1982) 745 



- 18 -

[ 17] S.D. Seccombe and D.M. Korn, Sol. State Commun. 11 

( 1972) 1539 

f18l B. Joos, E.E. Haller and L.M. Falicov, Phys. Rev. B22 

(1980) 832 

f191 L.M. Falicov and E.E. Haller, Sol. State Comm. 53, 

(1985) 1121 

f20l E.E. Haller and L.M. Falicov, Phys. Rev. Lett. 41, 

(1978) 1192 and Inst. Phys. Conf. Ser. 43, (1979) 1039 

f211 E.E. Haller, B. Joos and L.M. Falicov, Phys. Rev. B21, 

( 1980) 4729 

r221 L.M. Falicov, this volume 

[23] E.E. Haller, H. Navarro and F. Keilmann, Proc. 18th Int. 

Conf. Phys. Semic., ed. o. Engstrom (1987), to be publi­

shed 

[24] K. Horii andY. Nisida, J. Phys. Soc. Japan 31, (1971) 

783 

r25l R.N. Hall and J.H. Racette, J. Appl. Phys. 35, (1964) 

379 

[261 E.E. Haller, P. Pa-Yee Li, G.S. Hubbard and W.L. Hansen, 

IEEE Trans. Nucl. Sci. NS-26, No.1, (1979) 265 

[271 E.E. Haller, G.S. Hubbard and W.L. Hansen, IEEE Trans. 

Nucl. Sci. NS-24, No.1, (1977) 48 

[281 J.M. Kahn, E.E. Haller and L.M. Falicov, Proc. 18th Int. 

Conf. Ph:'s. Semic., ed. 0. Engstrom (1987), to be publi­

shed 

[291 J.I. Pankove, P.J. Zan Zucchi, c.w. Magee and G. 

Lucovsky, Appl. Phys. Lett. 46, (1985) 421 

(30] R.E. McMurray Jr., Sol. State Commun. 53, (1985) 1127 

[ 31 ] R. E • Me Murray Jr. , N. M. Hag e 1 , J • M. Kahn and E. E • 

Haller, Solid State Commun., in print 

[321 M.L.W. Thewalt, B.P. Clayman and D. Labrie, Phys. Rev. 

B32, ( 1985) 2663 

f33] G.G. De Leo and W.B. Fowler, Phys. Rev. 31, (1985) 6861 

f 341 N.M. Johnson, C. Herring and D.J. Chadi, Phys. Rev. 

Lett., 56 ( 1986) 769 



- 19 -

r35] Y. Kamiura, F. Hashimoto, T. Takada, Y. Sakaji and T. 

Hattori, Inst. Phys. Conf. Ser. 59, (1981) 182. 

See also: F. Hashimoto andY. Kamiura, Jap. J. Appl. 

p hy s. 13' ( 19 7 4) 7 6 2 

f36l J. Broeckx, Y. Kamiura, P. Clauws and J. Vennik, Solid 

State Commun. 43, (1982) 499 

(371 Y. Kamiura and F. Hashimoto, Phys. Stat. Sol.(a) 85, 

(1984) 227 

[38] E.E. Haller and R.E. McMurray Jr., Physica 116B+C, 

(1983) 349 

r39] R.E. Mcf~urray Jr., PhD Thesis, Physics Dept. University 

of California Berkeley, Lawrence Berkeley Laboratory 

Report LBL 18554 (1984) 

r4ol E.E. Haller, Mat. Res. Soc. Proc. Vol. 46, (1985) 495 



- 20 -

Figure Captions 

Fig.l The two step ionization process which is the basis of 
Photothermal Ionization Spectroscopy (PTIS). 

Fig.2 Transconductance amplifier used for PTIS. In a newer 
version the operational amplifier OP-27 is used. 

Fig.3 Isochronal annealing curves for rapidly quenched ger­
manium samples. 
A: crystal grown in H2- atmosphere, melt contained in 
silica. 
B: as A but doped with silicon, [Si] = 3xlo 17 cm- 3 in 
the melt. 

Fig.4 PTI spectrum of an ultra-pure, p-type Ge samples con­
taining the acceptors B, Al and A(D,C). The narrowest 
lines have a full width at half heigth of= 17ueV. 

Fig.S PTI spectra of copper-hydrogen acceptor complexes. 
a) A(Cu,· H2 ) has a complicated ground-state multiplet 
leading to several overlapping hydrogenic series of 
lines. 
b) Crystals containing equal concentrations of H and D 
produce three spectra assigned to A(Cu,H 2), A(Cu,H,D) 
and A(Cu,o 2 ). 
c) A o2- atmosphere grown crystal shows the A(Cu,D 2 ) 
spectrum. Hydrogen residues lead to a very weak A(Cu, 
H;D) spectrum. 

Fig.6 PTI spectrum of an ultra-pure, p-type Ge crystal con­
taining the residual acceptor Al and the cyanide ion 
related hydrogenic series A3 , A4 and A5 . Uniaxial 
stress n r 1111 splits the lines of Al and A4 as ex­
pected from valence band top splitting. No splitting 
is observed for the lines of A3 and As. 

Fig.? PTI spectra showing the lines of A3 and AS in a Ge 
sample which was stored for several years at room 
temperature (lower trace). After heating to 400°C for 
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5 min. all the A3 and A5 lines have disappeared and 
the A4 serie is present (upper trace). 

Fig.8 Equilibrium ratio as a function of temperature of 
corresponding lines of (A 3+A 5) to (A 3+A 4+A 5). Full 
conversion between the two spectra takes place. 

Fig.9 Substitutional cyanide ion: A(C,N)s (Courtesy R.E. 
McMurray Jr. Ref.39) 

Fig.lO Interstitial cyanide ion: A(C,N,) 1 (Courtesy R.E. 
McMurray Jr. Ref.39). 



PHONON--

- 22 -

1i!2 

I 
I 
IE 
I 
I 

-- ----+--- ---

~E 

CONDUCTION 
BAND 

EXCITED 
STATES 

1i w = A E 

PHOTON~ 

------'I ___ GROUND STATE 

k 

..!!... (111) a 
L-POINT 

Fig. 1. 

.. 

XBL /411-86::?9 



TO SAMPLE 
LEADS 

+lSV 

- 23 -

lK TO lOOM NOTES 

+lSV 

12 POS 
ROTARY 

LOW NOISE 
N-CHAN 

JFET 

,-, 

10 TURN DIAL 
SK POT (BIAS) 

Fig. 2. 

1. ±lSVDC FROM TRACKING 

REGULATED BIPOLAR 
POWER SUPPLY 

2. ALL RESISTORS ARE 

LOW- NOISE METAL FILM 
OR METAL OXIDE 

3. •RA .R 8 CHOSEN FOR 
DESIRED OFFSET 

AND BIAS RANGE 

BNC 

H ·~ 
TO PAR 
LOCK-IN 

TRANSCONDUCTANCE 
AMPLIFIER 

XBL 8310-12242 



- 24 -

3X1011 ~----------------------------~ 

.. 
2 

- 1 
en 
::z::: -c z 

0 I 
Q z -<J 

-1 
6.(10~0) = -.1SK-1 

- -2 
C") 

I 

E 
(,) -

0 

1 

- 8 
~ 
:;. 
c z 

<J 

7Xl0
11 

------------------------·----" 

XBL 7911-12832 

Fig. 3. 



-. ::s . 
n:s -

LLI 
(/) 

z 
0 
c.. 
(/) 
LLI 
c::: 
LLI 
> 
~ 
u 
:::» 
c 
z 
0 
u 
0 
~ 
0 
J: 
c.. 

6.5 

AI 

#6ll-5.1H 
T= 7 .5K 

- 25 -

ENERGY (mev) 

8.5 9.5 10.0 10.5 11.0 11.5 12.0 

Is II II 11111111111 ..___,___, ,______ 
A I 

Is 

Is II II 111111111 ...___...., .....____,___., 
A I 

c 

: :!. I :! 
I I I ~ 

J'l I ~·~ I I I II J i ! j 
' 'I I I I I ' j 
I 'I l I '! 'I ,: li ' II 1: I i I ·I 
I I ~ ; I II ! I I ; ' I ,, ' 
'I 'I :; I I ' ': : 

• I : i '' i! ' I ,I '·, .~ ' I 'I ' I I ' I 

• A ,l ':,: \ ,I r I I ;; 'U i .1 il\ .;: ~ •t..."-"v' l.r'-' w \r V'v· .1' '~ '-.-~. 
L____! \.__0\_ / . ',,-..,_..__ \._.~.: ' 'AjV (;J lv--.r' "' I\...- . 

55 60 65 70 90 

WAVENUMBER 
XBL 863-1160 

Fig. 4. 



- 26 -

ENERGY (meV) 

A(CuH 2 h 
'o 'c 's 

A{CuH2 )2 

-::::s . 
co a)H2 

LIJ 
en A(CuHD) 
z 'o 'c 'a I IAII 
0 
c.. 
en 
LIJ 
c:: 
LIJ 
> 

b)H2 +D2 .... 
(.) 
:=;) A(CuD 2 J 
c 'o 'c 's I IAI I z 
0 
(.) 

T=lO.OK 0 .... 
0 
:::z:: 
c.. 

WAVENUMBER (cm-1) 

Fig. 5. XBL 861-38 



~' 

> 
~ -> -~ 
u 
=> c 
z 
0 u 
-1 
<C 
::E 
Q:: 
LLJ 
::r: 
~ 
0 
~ 
0 
:r: 
0.. 

- 27 -

496-9.5 
STRESS II [ 111] 

~---------4----~~-----------As 

D C B Al-4 

"''--------~·~·------~1 '~~~--AI "I T T II II 

t--------;~------------- A3 

8 
ENERGY (meV) 

10 11 9 

60 70 80 

WAVENUMBER (cm-1) 
XBL 828-!1320 

Fig. 6. 



- 28 -

496-6.5 

> 
t--> -..... 
(..) 
::::> 
c D c B Al-4 z As 0 
(..) AI 
_J 

A7 < 
:!: B 
c:: 

A4 UJ 
::J: A3 .... 
0 
1-
0 
:J: 
c.. 

.. 

ENERGY (meV) 
8 10 1 '-----....1...----

60 70 80 

WAVENUMBER (cm-1) 
!BL 228-11319 

Fig. 7. 



- 29 -

1.0 ------~ 
.. 

~ 
.. \ 

\ 
0.8 \ 

\ 
\ 
\ 

0.6 \ 
\ 
\ 
\ 
~ 

0.4 \ 
\ 
\ 
\ 

0.2 \ 
\ 
\ 

0 
0 200 400 

T(K) 

Fig. 8. 

\ ... 
' 600 

XBL 8312-4693 



- 30 -

A3 , 5 =A 5 (C,N) SUBSTITUTIONAL Td 

XBL 8310-12245 

Fig. 9. 



- 31 -

·it 

A4 =Ar (C,N) INTERSTITIAL Td 

XBL 8310-12243 

Fig. 10. 

•. 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~ ~ ~ 

LAWRENCE BERKELEY LAB ORA TORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

-r~ .. ~ 




