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The energies of the optical and acoustical zone-boundary phonons have been measured in single-crystal 
alloys of germanium and silicon as functions of alloy composition. The data were obtained by observing the 
effect of phonon emission upon tunneling currents at low temperatures in narrow p-n junctions made in these 
alloys. The heavily doped alloys were prepared by solvent evaporation and thermal-gradient crystal-growth 
techniques. Comparison of the composition dependence of the phonon energies with calculations of Braun-
stein, Moore, and Herman indicates that the Ge-Si alloys form in an ordered diamond-type lattice where the 
minority atoms occur only as next-nearest neighbors rather than in clusters of similar atoms. 

INTRODUCTION 

WH E N current flow in a p-n junction occurs by 
band-to-band tunneling across an indirect en­

ergy gap, the current-voltage (I-V) characteristic ob­
tained at low temperaturees (<20°K) exhibits inflec­
tions at biases corresponding to the energies of the 
emitted phonons or phonon combinations. Phonon en­
ergies have been observed in Ge and Si1-4 and polaron 
and phonon effects have been studied in the III-V 
semiconductor compounds;3,5 these measurements were 
made either by direct observation of the / - V character­
istic or of the bias dependence of the derivative dl/dV 
or d2I/dV2 with consequent improvement in precision. 
The phonon energies measured by tunneling studies 
were in good agreement with those obtained by neutron 
scattering experiments6,7 and those by optical-absorp­
tion techniques.8 Moreover, the theoretical understand­
ing of the lattice vibrational spectra of regular crystals 
such as germanium and silicon was sufficiently advanced 
to quantitatively describe the observed spectra.9 

Not only does the extension of these studies to mixed 
crystals such as Ge-Si alloys present some experimental 
difficulties, but the theoretical calculations of the lattice 
vibrational spectra10 depend upon the specific model 
assumed for the mixing in the alloy. With existing tech­
nology, it would be extremely difficult to grow homo­
geneous single crystals of Ge-Si alloys sufficiently large 
to obtain the phonon spectra from neutron-scattering 
studies. From optical-absorption measurements, the 
four fundamental phonon energies in Ge-Si were ob-
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tained by Braunstein11 from the three characteristic 
absorption bands by assuming that the two longitud­
inal phonons were of equal energy. Since the longitud­
inal phonons differ appreciably in energy in both silicon 
and germanium, this assumption limits the precision 
of the measurement of the phonon energies obtained 
from the optical data. 

Tunnel junctions have been made in degenerate n-
type, single-crystal Ge-Si alloys using the alloy process. 
Four characteristic maxima in the plots of d2I/dV2 

versus V permit unambiguous identification of the four 
fundamental phonon energies at each alloy composition. 
By using a lower temperature of measurement ( ~ 1 °K) 
and a differentiation technique of greater resolution, the 
experimental precision has been improved over that 
obtained in previous studies.4 

EXPERIMENTAL PROCEDURE 

A. Crystal Growth 

The preparation of heavily doped Ge-Si crystals cov­
ering the wide range of composition listed in Table I 
was accomplished by using several crystal growth tech­
niques. The crystal containing 7% silicon (all percent­
ages used in this paper are expressed as atomic percent­
age) was an undoped crystal obtained from Goss who 
used a slow solidification technique.12 A degenerate n-
layer about 1 mil deep was formed in this material by 
arsenic diffusion in a sealed quartz capsule at 850°C for 
136 h. This growth technique becomes more difficult to 
apply to material of intermediate compositions. 

The samples containing 22 and 46% silicon were 
antimony-doped crystals grown on seed crystals of sili­
con and Ge-35% Si, respectively, by using a solvent 
evaporation technique described previously for the 
growth of antimony-doped germanium and silicon single 
crystals.13,14 The Ge-35% Si seed crystal was grown by 
the thermal gradient techniques, as discussed below. 
Cracking was observed in the 22% silicon crystal, grown 
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FIG. 1. Lattice parameter versus alloy composition based on liter­
ature data. (Refs. 12 and 16). The curve drawn through the experi­
mental points differs somewhat from the curves of Stohr and 
Klemm (whose data have been converted to A units from kX 
units) and of Johnson and Christian. Comparison of these authors 
lattice parameters for pure Ge and Si with the generally accepted 
values of Smakula and Kalnajs indicates good agreement for Ge 
but a fairly wide variation for Si. More weight was given to the 
higher lying points of Johnson and Christian since any occluded 
liquid phase in the growth of their samples would lead to higher 
Ge contents in their chemical analyses, possibly accounting for 
some of the scatter in their data. 

on silicon, but not in the 46% silicon crystal grown on 
the Ge-Si seed. In the present case growth occurred as 
antimony evaporated from ternary Sb-Ge-Si melts. I t 
is also possible that some growth occurred due to cooling 
of the saturated melt (see Ref. 13). Although small 
crystals were obtained, in the case of the 46% silicon 
crystal the sample was large enough to make Hall effect 
measurements. The samples containing 70 and 79% 
silicon were also antimony-doped crystals and were 
grown by using a sealed-tube thermal-gradient technique 
used previously for the growth of germanium and sili­
con.15 In this work the crystals were grown by the 
transfer of excess silicon through the ternary Sb-Ge-Si 
melts in a thermal gradient to the cooler part of the 
melt where the growth of the doped solid solutions took 
place. Seven weeks were required to grow these crystals 
at a temperature of about 1050°C in a thermal gradient 
of ~ l ° C / c m . The resulting crystals were very small, 
just large enough for the preparation of samples for 
diodes and x-ray analyses. Large crystals (1 in. X f in. 
diam) of Ge-Si alloys have been grown by using larger 
thermal gradients. However, the gradient was purposely 
kept low here in an attempt to grow more homogeneous 
material free from occlusions. From three crystals 
grown for this study, samples were prepared for Hall 
effect measurements. Room-temperature measurements 
of the Hall constant indicated a carrier concentration 
of 1 to 2X1019 cm~3 for all crystals. 

The lattice parameters of the alloys, obtained from 
x-ray powder patterns, are summarized in Table I. The 

compositions given in Table I were obtained from the 
measured lattice parameters and the curve in Fig. 1 
which in our opinion best fits the available data on the 
lattice parameter as a function of composition.12,16 This 
curve differs somewhat from that of Johnson and Chris­
tian.16 In the present work the donor concentrations are 
sufficiently low, ~ 1 — 2X1019 cm -3, so that their effect 
on lattice parameter can be neglected within the limits 
of experimental error. 

B. Junction Fabrication 

The p-n junctions were made by alloying aluminum 
wire containing 1% boron into wafers of the ^-type 
semiconductors approximately 0.1 cm on each edge 
using a fast heating cycle in which a maximum tempera­
ture of about 725°C was reached. An ohmic contact was 
made by alloying a gold wire to the opposite side of the 
wafer at a slightly lower temperature. Because of the 
presence of boron in the aluminum wire, the aluminum 
concentration is a lower limit to the acceptor concen­
tration in the ^-type regrowth. The acceptor concen­
tration in the ^-type regrowth is estimated to be 
> 4 X 1020 cm - 3 in the germanium diodes (from the equi­
librium solubility of Al in Ge17) and 2.3X1019 cm~3 in 
the silicon diodes (by direct measurement). If the solu­
bility of aluminum is assumed to vary linerarly from 
that in silicon (~9X10 1 8 cm -3) to that in germanium 
(~4X102 0 cm3), then in the alloys the aluminum con­
centrations in the p-type region would be > 1020 cm - 3 

for those compositions studied. The p sides of the junc­
tions in the alloys are therefore estimated to be rela­
tively heavily doped compared to the n side where the 
donor concentration ranged from 1 to 2X1019 cm -3. 

I t is unlikely that the ^-type regrowth obtained in 
forming the junction is of the same alloy composition 
as that in the n-type base wafer. However, due to the 
asymmetric doping levels in the p and w regions, the 
electric field exists predominantly on the n side of the 
junction. Hence, the point of stationary phase18 occurs 
on the n side and the phonons which assist the tunneling 
transitions should be characteristic of the n region, re­
gardless of the composition of the ^-type regrowth. 

This effect may also account for several unsuccessful 
attempts that were made to observe the phonon energies 
in single-crystal alloys containing about 90% Si. While 
tunneling junctions were readily made in these crystals, 
only weak phonon effects characteristic of pure silicon 
were observed. Since the doping level in the p and n 
regions are estimated to be comparable in this case, the 
tunneling transitions may occur in the nonuniform p-
type regrowth. 
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C. The Derivative Measurement 

After fabrication the diodes were mounted so that 
a four terminal measurement of the I-V characteristic 
could be made. The diodes were immersed in liquid 
helium which could be pumped to 0.8°K when neces­
sary. At helium temperatures, the /- V plots for Ge and 
Si diodes showed distinct inflections at biases equal to 
the phonon energies, but the alloy diodes in most cases 
exhibited only very weak inflections. These weak inflec­
tions were easily located, however, by plotting d2I/dV2 

versus V using continuously recording equipment. 
The equipment used for these studies was developed 

for measurements of the fine structure observed in 
superconductor tunnel diode I-V characteristics. A 500-
cps signal is applied to the diode and the 1000-cps 
harmonic recorded as a function of the dc bias swept 
across the diode. The harmonic signal is closely propor­
tional to d2I/dV2 when the changes in dl/dV are small. 
The traces of Fig. 2 are taken from 10-in.X15-in. X-Y 
recorder sheets. The advantages of this technique over 

TABLE I. Summary of phonon energies. 

Atomic Lattice 
fraction of constant 

silicon (A) TA 
Phonon energy (mV) 

LA LO TO 

0 
0 (Ref. 6) 

7.6±0.2 27.5±0.2 31.1±0.2 36.3±0.2 
8.0±0.2 26.6=fcl.2 30.5±1.2 34.6±1.2 

0.07 
0.22 

0.46 
0.70 
0.79 
LOO 
1.00 

(Ref. 7) 

5.640 
5.600 

5.544 
5.491 
5.472 

9.0 
10.8 

12.3 
14.5 
16.0 
18.7±0.2 
I7.9=b0.6 

30.7 
34.3 

36.3 
36.8 
37.5 
47 =±=2 
43.7±2.1 

34.3 
not 

observable 
43.0 
44.0 
45.0 
56.2d=1.0 
53.2±2.1 

39.3 
48.5 

49.6 
50.3 
50.6 
59.1±0.2 
58.5=1=1.2 

that used in earlier work are that the dc bias can be 
swept very slowly (~10 min for a typical run over a 
bias range 0-75 mV) with consequent improvement in 
precision, and the 500 cps signal can be kept smaller 
than kT for good resolution. 

The phonon energies are located as the peaks in the 
d2I/dV2 versus V plot; the validity of this assignment 
has been discussed previously.4 The use of low tempera­
tures (~1°K) narrows the peak width appreciably in 
Ge and Si diodes, but in the alloys the width is practi­
cally unchanged below 4.2°K. 

RESULTS 

Typical measurements of the bias dependence of 
d2I/dV2 are shown in Fig. 2 for diodes of Ge, Si and the 
alloy containing 46% Si. (All junctions exhibit structure 
near zero bias and this will be described in a later 
section.) 

In germanium diodes (Fig. 2a), as the bias is in­
creased, four well-defined peaks are observed in the 

(b) Ge-si ALLOY 
(46% SI) 

(C) Si, 

FORWARD BIAS (MILLIVOLTS) 

FIG. 2. Curves of d2I/dV2 against bias for junctions of (a) Ge, (b) 
Ge-Si alloy containing 46% Si and (c) Si at 0.8°K. 

derivative which correspond in energy to the four funda­
mental phonons, the transverse acoustic (TA), the lon­
gitudinal acoustic (LA), the longitudinal optic (LO) and 
the transverse optic (TO). The positions of these peaks, 
whose half-width is about 2 mV, are listed in Table I 
where a comparison is made with the corresponding 
phonon energies obtained from neutron-scattering stud­
ies. While the phonon-energy determinations are in 
reasonable agreement considering the experimental un­
certainties, it is noted that the precision of the second 
derivative technique exceeds that using neutron scat­
tering. Within experimental error, the results are in 
agreement with those reported in previous tunneling 
studies.3,4 

In silicon diodes (Fig. 2c), the relative phonon contri­
butions to the tunneling current vary so that only the 
TA and TO phonons are as prominent as in the Ge 
diodes, with half-widths of about 1.5 mV. The LO 
phonon contribution is weaker than that of the TO and 
is not completely resolved from the latter due to the 
small difference in energy. The peak associated with the 
LO phonon has an estimated half-width of 4 mV. The 
LA phonon peak is so small that it is only observed in 
some of the diodes with very high gain in the differen­
tiation circuitry. As listed in Table I, the phonon en­
ergies in silicon determined from tunneling measure­
ments and by Brockhouse6,7 are also in agreement to 
within the precision of the two methods, but our values 
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FIG. 3. The phonon energies plotted against the atom 
percentage of Si in the Ge-Si alloy. 

are consistently higher. While our results agree within 
experimental error with those observed in similar stud­
ies,3,4 it is noted that the increased resolution in the 
present work has permitted a more precise determina­
tion of the phonon energies in Si and Ge than in previous 
tunneling measurements; in particular, the values for 
the three high-energy phonons in Si are significantly 
changed from those previously reported. 

Figure 2(b) displays the bias dependence of d2I/dV2 

for a diode made with a Ge-Si alloy containing 46% Si. 
This result is typical for the alloy diodes where (1) four 
well-defined peaks are observed whose position, rela­
tive size, and shape shift smoothly as a function of alloy 
composition from pure Ge to pure Si, (2) the half-width 
of the peaks is 4 ± 1 mVin contrast to the narrower peaks 
observed in pure Ge and Si diodes, and (3) the position 
of the peaks varied less than 0.4 mV from diode to diode 
made from the same single crystal. While the last is an 
indication of the homogeneity of the alloys, it was ob­
served that in silicon-rich compositions greater than 
46% Si, the TO phonon of pure Si is present and in 
diodes made with Si-rich alloys of composition greater 
than 79% Si, the TA phonon of pure Si was also ob­
served. While the presence of the silicon phonons in the 
silicon-rich alloys may be ascribed to microscopic in-
homogeneities in the alloys, it may also indicate the 
occurrence of localized vibrational modes in the alloy. 

Table I summarizes the observed phonon energies as 
a function of alloy composition; each energy represents 
an average value observed in two to five diodes made 
from each crystal. 

The data of Table I are presented graphically in Fig. 
3 where the characteristic variation of phonon energy 
with composition may be more readily compared with 

calculations of the phonon spectrum using specific 
models for the ordered alloy. 

DISCUSSION 

The energies of the fundamental phonons have been 
measured as functions of alloy composition in the Ge-Si 
alloy system. The technique used obtains the phonon 
energies from the characteristics of diodes made with 
the Ge-Si alloys and is ideally suited to this problem 
where only very small amounts of single-crystal material 
are available. We believe that the results are more ac­
curate than those obtained by other methods and by 
previous tunneling measurements, both in the alloys and 
in Ge and Si alone. 

We find that the energy of the fundamental phonons 
varies smoothly as the concentration of Si in Ge is 
increased. For the three high-energy phonons (LA, LO, 
and TO), the variation of energy with concentration is 
very similar for each phonon. The energy varies rapidly 
between 0 and 20% Si and between 80 and 100% Si, 
being practically unchanged between 20 and 80% Si. 
The variation for the TA phonon is almost linear with 
a slight hint of the characteristic curve of the higher 
energy phonons. The variation of phonon energies with 
alloy compostition observed here differs in detail from 
that reported in earlier work.11 Although a slight change 
in phonon energy was observed at each end of the com­
position range, in qualitative agreement with that ob­
served here, the greatest change in energy was observed 
in the middle of the composition range, in disagreement 
with our data. As mentioned above, the optical-absorp­
tion measurements permit phonon-energy determina­
tions from the observed combination energies only by 
assuming that the LA and LO phonons are equal in 
energy; whereas the LO phonon exceeds the LA by 
about 15% in both Ge and Si. The large discontinuities 
observed by Braunstein11 in the conbination bands as 
the composition varied from Ge- to Si-rich samples sug­
gests that the samples employed were less homogeneous 
than those used here. Ando19 has reported phonon en­
ergies in Si-rich alloys determined by observation of the 
inflections in the I-V characteristics of tunnel junctions, 
but the large experimental uncertainty in the deter­
mined phonon energies does not permit a comparison 
with the present data. 

Two models of the Ge-Si alloy have been considered 
by Braunstein et a/.10'11 in an attempt to calculate the 
phonon spectrum. The first, a virtual crystal approxi­
mation, replaces the actual alloy by an equivalent crys­
tal in which each lattice site is occupied by identical 
atoms whose mass is determined by the alloy compo­
sition. This model predicts an essentially linear varia­
tion with composition for all the normal modes and 
would be expected to be a good approximation for the 
long-wavelength acoustic modes, where many lattice 
sites are involved in the determination of the character-

19 K. Ando, J. Phys. Soc. Japan 15, 2360 (1960). 
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istic vibration frequencies. As our results show, the low-
energy TA phonon does vary with composition in the 
way the virtual crystal model predicts, but the high-
energy phonons depart strongly from a linear relation­
ship with composition. 

In the second model, Si and Ge atoms are placed in 
the diamond-type lattice in all physically possible ar­
rangements. In this way, 15 distinct arrangements of 
Ge and Si atoms may be produced in the unit cube, 
which give rise to 8 different atom-fraction composi­
tions. For these ordered crystals, the normal modes were 
calculated using a force model involving nearest neigh­
bor interactions only and the results permit a deter­
mination of the variation of phonon energy with com­
position. A different behavior was estimated for two 
subseries of the 15 different arrangements, one where 
the minority atoms occur only as next nearest neighbors 
in the lattice and the other where similar atoms tend to 
cluster together as nearest neighbors. The characteristic 
curve of the high-energy phonons in Fig. 3 is obtained 
for the former subseries. The experimental results thus 
suggest that the Ge-Si alloys form in an ordered dia­
mond-type lattice where the minority atoms avoid each 
other on neighboring lattice sites. 

CONDUCTANCE NEAR V=0 

In addition to the peaks in the <PI/dV2 versus V 
plots of Fig. 2 which are associated with phonon emis­
sion, an additional structure is observed near zero bias. 
In the Ge junction of Fig. 2a, this structure corresponds 
to a dip in conductance centered at V=0. In the Si and 
alloy junctions of Figs. 2b, 2c, the structure indicates 
a peak in conductance at 7 = 0. In the latter case, 
superimposed upon the characteristic is that expected 
for tunneling from a metal or semiconductor into a 
superconductor with an energy gap of about 0.3 mV. 
While the conductance dip or peak grows slowly as the 
temperature is decreased from 20° to 1° the supercon­
ductor tunneling characteristic, which is observed in 
many diodes, appears abruptly at temperatures in the 
range 1.6° to 2°K. To investigate which portion of the 
diode structure was undergoing a superconducting 
transition, separate resistance measurements at low 
temperatures were made on the diode components. 
While Al, A1+1%B, and the Ge-Si alloys did not have 
superconducting transitions at temperatures as low as 
1.3°K, superconducting transitions were measured for 
a number of alloy mixtures and are listed in Table II. 

The alloys listed in Table II are nonhomogeneous 
mixtures of an Al-rich superconducting phase contain-

TABLE II . Superconducting transition temperatures, TC} 
for a number of Al-Ge-Si alloys. 

Alloy composition (atom %) 

Al 
88 Al-12 Si (Al-Si Eutectic) 
70 Al-30 Ge (Al-Ge Eutectic) 
75 Al-12.5 Ge-12.5 Si 
20 Al-40 Ge-40 Si 

Te°K 

1.2 
1.4 
1.6 
1.75 
1.8 

Solid solubility of 
Ge (or Si) in Al 

(atom %) 

1.6a 

2.8a 

See Ref. 20. 

ing Ge or Si and a Ge, Si or Ge-Si rich nonsuperconduct-
ing phase. The transition temperatures for all of the 
alloys are seen to be higher than for pure aluminum. 
The increase in Tc for the Al-Si and Al-Ge eutectic 
mixtures, where solid solubility data are available,20 is 
roughly proportional to the Ge or Si solubility in Al. 
The higher Tc values for the Al-Ge-Si alloys suggest 
higher combined solubilities of Ge and Si in the Al 
crystallized from these melt compositions. It is, there­
fore, not unreasonable to assume that alloys with transi­
tion temperatures as high as 2.0°K could be obtained in 
fabricating the diodes and that the superconducting 
tunneling occurs between the Al, Ge, and/or Si alloy 
and the ^-type regrowth. The conductance peaks and 
dips are ascribed to tunneling transitions in the p-n 
junction since they vary in relative magnitude with the 
doping level on the n side of the junction. These effects 
are currently being studied and will be described more 
fully at a later date. 

Note added in proof. The most precise measurements 
of the variation of lattice parameter with alloy com­
position in the Ge-Si system have recently been re­
ported by J. P. Dismukes, L. Ekstrom, and R. J. Paff, 
J. Phys. Chem. 68, 3021 (1964). Their data lies slightly 
above the curve drawn in Fig. 1 but agree to within 
1 at.% over the entire composition range. 
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