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Substitutional carbon in germanium
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Carbon impurities implanted into single-crystalline germanium are studied with infrared absorption spec-
troscopy and ion channeling. After implantation of12C1 at room temperature and subsequent annealing at
350 °C, a sharp infrared absorption line is observed at 531 cm21. When 12C1 is substituted by13C1, the line
shifts down in frequency to 512 cm21 and co-implantation of12C1 and 13C1 does not give rise to additional
lines. Therefore, the 531-cm21 line represents a local vibrational mode of a defect containing a single carbon
atom. Channeling measurements are carried out around the^100&, ^110&, and ^111& axes in 12C1-implanted
samples annealed at 450 °C. The analysis of the data shows that 3163 % of the carbon atoms are located at
substitutional sites, while the remaining carbon atoms appear to be located randomly. The population of the
substitutional site and the intensity of the 531-cm21 mode have identical temperature dependencies. It is
concluded that the 531-cm21 mode is the three-dimensionalT2 stretch mode of substitutional carbon. The
effective charge of the mode is determined to be (3.460.5)e. Ab initio local density functional cluster theory
is applied to calculate the structure and the local vibrational modes of substitutional carbon in germanium. The
calculated frequencies and isotope shifts for theT2 stretch mode are in good agreement with the observations.
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I. INTRODUCTION

Carbon is an important impurity in silicon, and its pro
erties have been intensively studied for decades.1 As a result
of this, several carbon defects have been identified, of wh
the most prominent one is substitutional carbon.2,3 This de-
fect has tetrahedral (Td) symmetry, with the carbon atom
forming four equivalent covalent bonds with its silico
neighbors. The Si-C bonds are substantially sho
(;0.3 Å) ~Refs. 4 and 5! than the normal Si-Si bonds
which results in a considerable strain field around the def
Due to its high symmetry, substitutional carbon has a sin
three-dimensional local mode~T2 mode! with a frequency of
607 cm21 ~see Ref. 2!.

At first glance, substitutional carbon is expected to ex
also in germanium, since silicon and germanium have sim
chemical properties. The dissociation energy of the G
bond is high,6 ;4.7 eV, compared to the;2.8 eV required
to break a Ge-Ge bond. This supports the formation of s
stitutional carbon in germanium. However, the Ge-C bo
length in molecular compounds7 is ;1.9 Å, much shorter
than the 2.41 Å long Ge-Ge bond. This implies that the str
field around substitutional carbon in germanium will be ve
large. Therefore, the balance between the energy gaine
forming Ge-C bonds and the increase in energy to accom
date the strain may make the formation of the substitutio
carbon defect unfavorable. For example, the strain could
relieved by forming interstitial carbon or an interstitia
substitutional carbon defect, both of which have been
served in silicon.8,9 The fact that the solubility of carbon in
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germanium is very low10 (108–1010 cm23) compared to the
solubility of carbon in silicon11 (3.531017 cm23) indicates
that strain may play an important role.

The present work addresses this problem, both exp
mentally and theoretically. With a combination of infrare
absorption spectroscopy and ion channeling, a local mod
substitutional carbon in germanium is identified. The loc
vibrational mode frequency and the isotope shifts calcula
by ab initio theory are in close agreement with those o
served.

II. EXPERIMENTAL DETAILS

Samples with typical dimensions of;1031030.5 mm3

were cut from high-resistivity float-zone-grown singl
crystalline germanium with an oxygen content belo
1016 cm23. The 10310 mm2 surfaces were perpendicular t
either a^100&, a ^110&, or a ^111& crystal axis and both sur
faces were mechanically polished.

The samples were implanted with12C1 and/or 13C1 ions
at 11 different energies ranging from 50 to 450 keV as spe
fied in Table I. The dose implanted at each energy~see Table
I! was adjusted to yield an almost uniform carbon concen
tion of 0.7 at. % (331020 cm23) from 0.1 to 0.8mm below
the surface of the sample, as shown in Fig. 1. One sam
was co-implanted with12C1 and 13C1 ions into overlapping
profiles so that the local concentration of each isotope w
0.7 at. %. The implantations were carried out at room te
11 167 © 1997 The American Physical Society
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11 168 55L. HOFFMANN et al.
TABLE I. Energies~in keV! and doses~in 1015 cm22! used for implantation of12C1 and 13C1.

Energy 50 75 100 125 150 200 250 300 350 400 45

12C dose 1.30 1.09 1.96 0.44 2.17 2.17 2.17 2.17 2.17 2.17 2
13C dose 1.33 1.11 1.56 0.44 2.22 2.22 2.22 2.22 2.22 2.22 2
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perature with a background pressure of 231026 torr. The
normal of the 10310 mm2 surfaces was tilted 7° off the
direction of the carbon beam to reduce channeling effe
and the beam was swept horizontally and vertically acr
the sample to ensure a homogeneous lateral distributio
implants. The sample was electrically insulated from
vacuum chamber, and the dose was determined directly f
integration of the current to the sample. Emission of seco
ary electrons was suppressed with a shield surrounding
sample kept at2200 V relative to ground.

Most samples were annealed at 450 °C after the imp
tation since this leads to a maximum intensity of the infra
absorption line investigated in this work. The annealing w
performed in a furnace with a continuous nitrogen-gas flo
The temperature was stable to within62 °C, and the anneal
ing time was 20 min. Prior to the annealing and before e
measurement, all samples were etched with 1% HF to
move surface oxides.

After the implantation and 450 °C anneal, all samples
vestigated by channeling were mechanically polished to
move surface carbon deposited during the implantation p
cess. Approximately 0.1mm of the sample was removed i
this way. The associated loss of the implanted carbon
always less than 10%. After this the samples were anne
at 440 °C to remove the near-surface damage introduce
the polishing.

The infrared-absorption measurements were perform
with a Nicolet System 800 Fourier-transform spectrome
equipped with a closed-cycle helium cryocooler for optic
measurements. The measurements were carried out in
spectral range from 400 to 7000 cm21 using a Ge-KBr beam
splitter, a globar light source, and a triglycine sulfate~TGS!
or a mercury-cadmium-telluride~MCT! detector. The

FIG. 1. TRIM simulations~Ref. 12! of the carbon profiles in
germanium.
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apodized resolution was 2 cm21, and the optical beam-spo
was about 3 mm in diameter. A reference absorbance s
trum measured on a non implanted germanium crystal
subtracted from the sample absorbance spectra.

The channeling technique and the experimental se
have been described in detail previously,13,14and only a brief
account will be given here. The sample was placed in
computer-controlled motor-drivenx-y goniometer with an
angular resolution of;0.01°. The goniometer was mounte
in a vacuum chamber pumped to a pressure of;3
31026 torr by a diffusion pump equipped with a liquid
nitrogen cryotrap. The sample was kept at room tempera
during the measurements, but was surrounded by an ele
cally insulated cryoshield held at;120 K to reduce carbon
buildup on the surface during the experiment.

The channeling measurements were carried out wit
1300-keV deuteron beam supplied by a HVEC 5-MeV V
de Graaff accelerator. The beam was collimated by two
31 mm2 slits 4 m apart, resulting in a beam divergence
;0.01°. The implanted12C atoms were probed by means
the nuclear reaction12C(d,p)13C ~see Ref. 15!, detecting the
3.25-MeV protons in a large-area (4.9-cm2) solid-state de-
tector ~the proton detector! located at;135° relative to the
beam direction and at a distance of 3.5 cm from the sam
In front of this detector, a 30-mm aluminum foil was placed
to stop the deuterons backscattered from the germanium
and, thereby, avoid severe dead-time problems.

The backscattered deuterons were monitored simu
neously with another solid-state detector@the Rutherford
backscattering~RBS! detector# also at an angle of;135°
relative to the beam direction and with a small accepta
angle. The yield of backscattered deuterons was integr
over a depth interval corresponding to the range of the
planted carbon profile.

The energy dependence of the proton yield of t
12C(d,p)13C nuclear reaction was measured directly usin
1500-Å graphite foil with a carbon density of 2.0 g cm23 as
target. On basis of this, the energy of the deuteron be
applied in the measurements was chosen to be 1300 k
With this choice, the cross section of the nuclear reaction
within 4% constant over the carbon depth profile. The st
ping powers of the incoming deuterons may differ abou
factor of 2 between the channeled and nonchanneled
ticles. However, this difference corresponds only to;2%
variation in the cross section integrated over the implan
region.

The angle between the crystal axis and the analyz
beam is conventionally denoted thetilt angle, and the yield
measured at large tilt angles~a few degrees! is denoted the
random yield. Irradiation on a fresh beamspot with 10mC of
the analyzing beam in the aligned direction~zero tilt angle!
led to a decrease of less than 5% in the proton random yi
This decrease is associated with a beam-induced loss of
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55 11 169SUBSTITUTIONAL CARBON IN GERMANIUM
bon from the sample, most likely from the sample surfa
Irradiation beyond 10mC in a random or the aligned direc
tion did not produce any further carbon loss. Therefore, p
to the channeling measurement, each spot on the sample
irradiated with 10-mC deuterons in the aligned direction.

With a fixed beam fluence, the yield of backscattered d
terons was measured simultaneously as a function of
angle. These angular distributions of yield, denoted yi
curves, were measured for all major axes. The yield at e
tilt angle was measured as an average over all azimu
angles14 to average out effects of planar channeling and
obtain a reliable random yield, which is used to normal
the data. The total fluence at each tilt angle was 2mC, the
beam spot size was 131 mm2, and the beam current wa
5–7 nA, measured on the target with the cryoshield biase
2500 V. In order to reduce the effects of radiation dama
the yield curves were always measured in a sequence g
from the center of the axis towards larger tilt angles.

A virgin germanium crystal was mechanically polish
and subsequently annealed at 440 °C as described ab
Measurements on this sample showed no buildup of sur
carbon during the channeling analysis. Moreover, prot
yield curves measured on this sample showed that the ca
is located on either the surface or randomly in the bulk.

Channeling and infrared absorption measurements w
carried out on the same sample after 20-min anneals at
eral temperatures, starting at 450 °C~see Ref. 16! and mov-
ing up to 700 °C in steps of;50 °C. A fresh beam spot fo
the channeling measurement was chosen for each tem
ture, and the infrared absorbance spectrum was meas
around the same spot. Within 10%, the channeling meas
ment did not produce any changes in the infrared-absorp
signal.

III. RESULTS

After implantation of12C1 in germanium and subseque
annealing at 450 °C, a single sharp absorption line is
served at 531 cm21 as can be seen in Fig. 2~a!. This line
shifts down to 512 cm21 when 12C is substituted by13C @see
Fig. 2~b!#. The frequency ratio between the two lines
1.037, which differs by only 0.4% fromA13/12, i.e., the
frequency ratio expected for a carbon atom bound by a
monic potential to a rigid lattice.17 Therefore, the
531-cm21 line represents a local vibrational mode of carb
bound toX, whereX is heavy and almost certainly germ
nium. The spectrum obtained after co-implantation of12C1

and 13C1 with overlapping profiles is shown in Fig. 2~c!. No
new modes appear, and thus the 531-cm21 mode originates
from a defect containing a single carbon atom.

The angular distributions of proton and deuteron yie
around the three major axes are shown in Fig. 3. For all th
axes, there is a dip in the proton yield when the beam
aligned with the axis. The widths of the dips are close
those for backscattered deuterons, but the normalized m
mum yields for the protons are much higher than those
the deuterons. Only a substitutional~perfect lattice site! or
near-substitutional sites are consistent with broad dips
yield for all three major axes.14,18 A significant fraction of
the carbon atoms are consequently located at substituti
or near-substitutional sites. The solid lines through the d
.
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points in the figure represent the best fit to the data. This
corresponds to 3163 % of the carbon atoms located at su
stitutional sites while the remaining 6973 % are located ran-
domly.

In this analysis, the yield curves for substitutional carb
have been assumed equal to the host dips in yield of ba
scattered deuterons. This is of course an approximation s
the vibrational amplitude for carbon differs from that of ge
manium. However, with the local vibrational mode identifie
above, the root-mean-square value of the one-dimensi
vibrational amplitude of carbon is expected to
;A\/mv50.073 Å, which is close to the germanium valu
of 0.085 Å estimated from a Debye model.19 Rather than
using the experimental host dips in yield, it is possible to r
on computer simulations14 of the curves for substitutiona
carbon. These simulations are based on a perfect lat

FIG. 2. Sections of absorbance spectra measured at 9 K on
samples annealed at 450 °C after implantation with~a! 12C1, ~b!
13C1, and~c! co-implantation with equal doses of both isotopes

FIG. 3. Angular distributions of normalized yield measur
around thê 100&, ^110&, and ^111& axis after annealing at 450 °C
The best fit~solid line! to the carbon data~s! is obtained with
(3163)% carbon at substitutional sites, while the remaining carb
atoms are randomly located. The fit is obtained using the host c
data~d! to approximate the curve for substitutional carbon. Typic
statistical uncertainties are also indicated.
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11 170 55L. HOFFMANN et al.
Now, the experimental values of the host minimum yie
for the ^100&, ^110&, and^111& axes are 0.16, 0.08, and 0.1
which are substantially higher than the respective val
0.09, 0.05, and 0.08 measured on a virgin crystal. Theref
this approach has not been pursued.

The computer simulations have, however, been applie
estimate an upper limit on the displacement of the ne
substitutional carbon from a substitutional site. The simu
tions are based on the continuum model20 and include the
effect of dechanneling from the perfect lattice.14,21 Further-
more, the thermal vibrations of host and carbon atoms
included. The one-dimensional vibrational amplitude of t
host is taken to be 0.085 Å, as mentioned above, and
same value is applied for the carbon atom. The yield cur
corresponding to carbon atoms displaced from lattice s
along various directions have been simulated. It is fou
that the observed dips in proton yields originate from carb
atoms which at most are displaced 0.2 Å from lattice site

The effects of isochronal annealing in the temperat
range from 450 to 700 °C on the 531-cm21 mode and the
^110& yield curves are shown in Fig. 4. The 531-cm21 mode
begins to appear at 350 °C and reaches maximum intensi
450 °C. Annealing at higher temperatures leads to a decr
in the intensity, and eventually at 700 °C, the mode has
appeared.

The changes in thê110& proton-yield curves are slightly
more complicated. At 450 °C, a broad dip is observed wh
is associated with the substitutional lattice site as discus
above. When the temperature is increased, the populatio
substitutional sites decreases, and at 602 °C, the dip star
narrow, which shows that a new well-defined carbon str
ture is formed at this temperature. At 700 °C, the subst
tional dip is completely gone and yet a new structure
formed which gives rise to a peak at zero tilt angle. Thus
least qualitatively, the annealing of the 531-cm21 mode oc-

FIG. 4. Effects of annealing on~a! the absorbance spectrum an
~b! the ^110& proton-yield curve. Note that the different curves ha
been displaced vertically with respect to one another. The s
lines in part ~b! of the figure represent the best fits at large
angles from which the population of the substitutional sites is
termined.
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curs in parallel with the depopulation of the substitution
sites. A more quantitative analysis has been made to in
tigate this point further. At large tilt angles~0.6°–1°!, only
the substitutional site gives a normalized yield significan
different from the random value. Therefore, the populat
of the substitutional sites can be determined from a fit to t
part of the proton-yield curves. The solid lines in Fig. 4~b!
represent these fits. The result of the analysis is show
Fig. 5 where the population of the substitutional sites
shown together with the intensity of the 531-cm21 mode as a
function of annealing temperature. The scales of they axes
are chosen so that the two sets of data overlap at 450 °C.
evident from Fig. 5 that the annealing of the 531-cm21 mode
occurs parallel to the depopulation of the substitutional s

IV. THEORETICAL CALCULATIONS

The structure and the local vibrational mode frequenc
of substitutional carbon in germanium have been calcula
usingab initio local density functional cluster theory.22 The
calculations were made on 71- and 131-atom tetrahe
clusters Ge35H36 and Ge71H60, where the central germanium
atom was replaced by carbon and the dangling bonds on
surface of the cluster are terminated by hydrogen. No
conserving pseudopotentials were used for germanium
carbon.23 The electronic wave functions and the charge d
sity were fitted usings- and p-type Gaussian orbitals cen
tered on the atomic nuclei and at the center of every G
and Ge-Ge bond. We used eight Gaussian orbitals with
ferent exponents on the carbon atom and four Gaussian
bitals on each of the inner 16 germanium atoms. A fix
linear combination of four Gaussian orbitals was used for
remaining germanium atoms. For the terminating hydrog
atoms another linear combination of three Gaussians
used. In addition to the atomic basis, threes- and p-type
Gaussians were placed at the center of every bond. The
consistent energy and forces on the atoms were calcula

id

-

FIG. 5. Intensity of the 531-cm21 line ~s! and population of
carbon atoms at substitutional sites~d! shown as a function of
annealing temperature. The scales of they axes are chosen so tha
the two sets of data overlap at 450 °C. The solid line is drawn
guide the eye.
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TABLE II. Calculated bond lengths~in Å! and local vibrational mode frequencies~in cm21! for substi-
tutional carbon in germanium. The experimental local vibrational mode frequencies are included for
parison.

Ge-C bond Ge-Ge bond 12C 13C 14C

Experiment 531 512
71-atom cluster 2.018 2.415 563 542 524
131-atom cluster 1.046 2.447 516 497 480
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and then every atom was moved via a conjugate grad
algorithm until the total energy was minimized. In the sta
ing configuration the carbon and all germanium atoms w
located at lattice sites for a pure germanium crystal. A f
Td symmetry constraint was imposed for the relaxatio
leading to the energy minimum configuration. To calcula
the local vibrational modes of the defect, the energy sec
derivatives with respect to atomic positions were calcula
directly for the carbon atom and its four germanium neig
bors, while a Musgrave-Pople potential24,25was used for the
remaining germanium atoms. In this way, the full dynami
matrix of the cluster was constructed. The 71- and 131-a
clusters yielded almost identical structures, with the Ge
bond lengths within 1.3% of each other. All the results a
summarized in Table II, and below the results from the 1
atom cluster are discussed.

The energy minimization results in a configuration whe
substitutional carbon exerts a large tensile strain on the
rounding atoms~see Fig. 6!. The Ge-C bond lengths ar
2.046 Å, 18% shorter than the bulk Ge-Ge bond length
2.407 Å. As a result of this, the Ge-Ge back bonds are
creased in length by 1.6% to 2.447 Å. The highest vib
tional mode frequency is 516 cm21, well above the Raman
frequency at 304 cm21. This mode is triply degenerat
(T2) and involves the vibration of the carbon atom and, t
much lesser extent, its four neighbors. The frequency of
mode drops by 19 and 36 cm21 when 12C is substituted with
13C and 14C, respectively.

V. DISCUSSION

The experimental findings show that the 531-cm21 mode
originates from a defect containing a single carbon ato
Moreover, the correlation between the depopulation of

FIG. 6. Structure of substitutional carbon in germanium cal
lated fromab initio theory. The bond lengths are in Å.
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substitutional site and the loss of intensity of the 531-cm21

mode establishes that the defect involves a single subs
tional carbon. The concentrations of substitutional carbon
our samples are;1020 cm23 and are thus orders of magn
tude higher than that of any other impurity. Therefore, t
involvement of other impurities can be disregarded. T
same argument cannot be used to rule out the involvemen
intrinsic defects in the structure. However, it is hard to ima
ine that a carbon atom interacting with a vacancy-type
interstitial-type defect would be located exactly at a sub
tutional site. Moreover, the symmetry of such a defect wo
be lower than tetrahedral in which case at least two car
modes should be expected, but only one is observed. On
basis, we identify the 531-cm21 mode as the triply degener
ateT2 mode of isolated substitutional carbon in germaniu
This mode mainly involves vibration of the carbon atom a
to a much lesser extent vibrations of the nearby german
atoms.

Additional support to this identification comes from th
vibrational frequency of substitutional carbon in silicon. R
tios of stretch mode frequencies in similar molecular co
pounds containing Si-C and Ge-C bonds are given in Ta
III. As can be seen from the table, the frequency ratio
tween Si-C and Ge-C modes varies between 1.068 and 1
with an average value of 1.132. With this ratio, the frequen
for the vibrational mode of substitutional carbon in germ
nium is estimated to be 536 cm21 from the frequency of
607 cm21 for substitutional carbon in silicon. This value
very close to the 531 cm21 actually observed.

The ab initio calculations provide further support for ou
identification. The calculated frequency of the local vibr
tional mode of substitutional carbon is found in the range
516–563 cm21, well within the 100-cm21 limit which is
typical of the method. Furthermore, when12C is substituted
with 13C, the calculated mode drops by 19 cm21, which
compares extremely well with the experimental reduction

The effective~or apparent! chargeh of a substitutional
impurity of massmimp present in a concentrationN is defined
by28,29

-

TABLE III. Carbon-related vibrational frequenciesv ~in
cm21! of similar molecular compounds containing Si or Ge~Refs.
26 and 27!. The ratio given isv~Si-C!/v~Ge-C!. X denotes either
Si or Ge.

Compound v~Si-C! v~Ge-C! Ratio

CH3XH3 701 602 1.165
X(CH3)4 598 560 1.068

696 599 1.162
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E a~v!dv5
2p2h2N

ncmimp
, ~1!

wherea is the absorption coefficient associated with the
cal mode,n53.99 is the refractive index, andc is the veloc-
ity of light. The number of carbon atoms at substitution
sites and, thereby,N can be determined directly from th
channeling measurements using the proton yield from
carbon foil as a reference. The effective charge of
531-cm21 mode may now be determined from the intens
of the mode via Eq.~1!. It is found thath5(3.460.5)e,
wheree is the elementary charge. Thus, the effective cha
of substitutional carbon in germanium is comparable to
corresponding values in silicon30,31 and GaAs,32 which are
2.4e and 3.0e, respectively. With the value ofh established,
it is possible to estimate or to give an upper limit on t
concentration of substitutional carbon in germanium fro
infrared spectroscopy.
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VI. CONCLUSION

The substitutional carbon defect in germanium has b
identified by a combination of infrared absorption spectr
copy, ion channeling, andab initio theory. The defect is
observed after carbon implantation and subsequent anne
above 350 °C, and it possesses a local vibrationalT2 stretch
mode at 531 cm21. The calculated frequency is in goo
agreement with this value, and the calculated isotope shi
in excellent agreement with our observations. The effect
charge of theT2 mode is found to beh5(3.460.5)e, which
is comparable to the corresponding values in silicon a
GaAs.
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