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We report on the effects of dopant concentration on the structural and electrical properties of

In-implanted Ge. For In concentrations of � 0.2 at. %, extended x-ray absorption fine structure and

x-ray absorption near-edge structure measurements demonstrate that all In atoms occupy a substitu-

tional lattice site while metallic In precipitates are apparent in transmission electron micrographs

for In concentrations �0.6 at. %. Evidence of the formation of In-vacancy complexes deduced

from extended x-ray absorption fine structure measurements is complimented by density functional

theory simulations. Hall effect measurements of the conductivity, carrier density, and carrier

mobility are then correlated with the substitutional In fraction. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4934200]

I. INTRODUCTION

Ge has increasingly important applications in the fabrica-

tion of semiconductor devices due to a high hole mobility1 and

low dopant activation temperature in comparison with Si.2 For

this reason, Ge is likely to replace Si in future high-mobility

complementary metal oxide semiconductor (CMOS) devi-

ces,3,4 where the channel of the n-type field-effect transistor

(NFET) is based on InGaAs while that of the p-type field-

effect transistor (PFET) is formed from Ge. The p-type dopants

in Ge have element-specific advantages. The low intrinsic dif-

fusion of B in Ge is ideal for ultra-shallow junction forma-

tion,5,6 while Ga exhibits a very high solid solubility limit in

Ge.7 Recently, In has been reconsidered as a p-type dopant in

Ge given it introduces a shallow accepter level 0.0112 eV

above the Ge valence band.8 Given that the presence of dop-

ants and disorder in a semiconductor lattice influence the elec-

trical properties of a device,1 a comprehensive understanding

of such influences calls for a detailed study, as presented

herein, of In-doped Ge at both the micro and macro scales.

Dopant diffusion and electrical defects in In-doped Ge

have previously been investigated as a function of annealing

conditions using secondary ion mass spectrometry (SIMS)9

and deep level transient spectroscopy (DLTS),10 respectively.

The latter demonstrated that Ge point defects are not

In related and recover after annealing at 600 �C. Previous

studies have shown that most dopant species in Ge tend to

occupy substitutional lattice sites and most defect processes

are mediated by vacancies (V) (since interstitials (I) have

significantly higher formation energy).9,11,12 Density

Functional Theory (DFT) calculations were performed to pre-

dict the binding energy and migration enthalpies of different

types of In-vacancy (InmVn) clusters.13,14 Recent lattice-site

location studies using the emission channeling technique15

concluded that In preferentially occupies Ge bond-centered

sites before annealing for low In implantation fluences

(2.9� 1012 ions/cm2) as consistent with earlier perturbed

angular correlation spectroscopy (PAC) measurements16–18

and DFT calculations.19 After annealing at 300 �C, In atoms

then redistribute to substitutional sites. For In concentrations

in the range used for impurity doping, complementary infor-

mation about the local atomic environment around an In

atom, including coordination numbers (CNs), structural disor-

der and bond lengths, is lacking. Such knowledge could ena-

ble one to correlate subtle changes in atomic environment to

the electrical properties as a function of In concentration.

In this report, we have used the synchrotron-based analyt-

ical techniques of x-ray absorption near edge structure

(XANES) and extended x-ray absorption fine structure

(EXAFS) to study the atomic-scale environment of In-doped

Ge over a broad In concentration range. Previously, XANES

and EXAFS were utilized to investigate In complexes in Si,

demonstrating In atoms were substitutional at low concentra-

tions and precipitated at high concentrations.20,21 The current

literature is lacking information about In-doped Ge examined

with XANES and EXAFS, which we address in this report.

Complementary measurements of the structural properties

using transmission electron microscopy (TEM) and Raman

spectroscopy were also performed as were DFT calculations.

Finally, the electrical properties were characterized with Hall

effect measurements to enable the correlation of structural

and electrical properties of In-doped Ge at concentrations

appropriate for semiconductor doping technologies.

II. EXPERIMENTAL METHODS

Nominally undoped Ge layers of thickness 1.8 lm were

deposited on (100) Si substrates by ultra-high vacuuma)Electronic mail: ruixing.feng@anu.edu.au

0021-8979/2015/118(16)/165701/8/$30.00 VC 2015 AIP Publishing LLC118, 165701-1
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chemical vapour deposition and then implanted with In ions.

We used a Ge/Si heterostructure to enable the subsequent re-

moval of the Si substrate for superior synchrotron-based

measurements, as described below. The lattice mismatch

between Ge and Si yields misfit dislocations in proximity to

the Ge/Si interface at 1.8 lm, the influence of which was

minimized by confining the In depth distributions to depths

<1.2 lm. Implantation was performed at 250 �C to avoid

amorphization with the surface normal offset 7� from the

incident ion direction to avoid channeling. Implantation

energies ranged from 700 to 3400 keV with fluences varying

from 1.79� 1014 to 5.44� 1016 ions/cm2, as listed in Table I.

The given implantation energy/fluence combinations yielded

a uniform In depth distribution over 0.2–1.2 lm with In con-

centrations ranging from 0.02 to 1.2 at. % as calculated with

TRIM-2008 (Ref. 22) and confirmed with Rutherford back-

scattering spectrometry after annealing. A three step anneal-

ing process in N2, at temperatures of 550, 450, and 350 �C
for 0.5, 1, and 2 h, respectively, was used to initially activate

the implanted In atoms and reduce lattice disorder (550 �C)

and then enhance the In-defect concentrations by lowering

the solid solubility limit (350 �C).

For the synchrotron-based measurements, we used a

unique lift-off technique23 to isolate the In-rich Ge layers. The

Si substrate was removed through mechanical grinding and

selective wet chemical etching in KOH, then multiple Ge

layers were stacked between two x-ray transparent Kapton

windows. As a consequence, a significant amount of material

was concentrated within the sample holder, scattering from

the Si substrate was eliminated and high-resolution measure-

ments were enabled. Fluorescence mode XANES and EXAFS

measurements were performed at the x-ray absorption spec-

troscopy beamline of the Australian Synchrotron. In K-edge

spectra were recorded with a 10� 10 pixel-array Ge detector

with the samples maintained at a temperature of 18 K to mini-

mize thermal disorder. Multiple scans (3–6) were collected

for each sample and averaged to maximize the signal-to-noise

ratio. Data were recorded to a photoelectron wavenumber (k)

value of 12 Å�1. For energy calibration, an In reference foil

was simultaneously measured in transmission mode.

Cross-sectional TEM measurements were performed

with a Phillips CM300 operating at 300 kV. Samples were

prepared with conventional methods: mechanical grinding to

80 lm, dimple grinding to 10–20 lm then final polishing

using Ar ion milling with the sample maintained at liquid N2

temperature.

Raman spectroscopy measurements were performed

using a Jobin-Yvon Horiba T64000 Raman spectrometer,

operating in the single spectrometer mode using a liquid N2

cooled CCD detector in the backscattering configuration.

Spectra were acquired at room temperature using a short

working distance (Nikon, 100�) with a HeNe laser

(632.8 nm) focused to a 2 lm diameter spot. Ten spectra per

sample were each collected for 30 s and then averaged. Two

different regions of each sample were probed.

Electrical characterization was performed using a

LakeShore 7700A Series Hall effect electron transport mea-

surement system at room temperature. To achieve an Ohmic

contact, four 0.75 mm diameter, 200 nm thick Al contacts

were thermally evaporated on the corners of the sample sur-

face with photoresist as the mask. The Ohmic nature of the

contacts was confirmed with IV measurements. The samples

were patterned with two different Van Der Pauw geometries:

(i) square (1� 1 cm2) and (ii) clover leaf (radius 1 cm).24,25

The clover leaf samples were fabricated by spin coating

AZ5214 photoresist and UV light exposure. The samples

were then etched in H2O2 for 4 h at room temperature to

remove the exposed Ge.

Background subtraction, spectra alignment, and nor-

malization of the EXAFS data were performed with

ATHENA.26 Isolated EXAFS spectra were then Fourier-

transformed (FT) over a k range of 2.2–11 Å�1 with an

adaptive Hanning window and back FT over a non-phase-

corrected radial distance R range of 1.6–4.65 Å (2.3–4 Å for

the In standard). Structural parameters were determined

with ARTEMIS26 utilizing the IFFEFIT package27 with the-

oretical scattering amplitudes and phase shifts calculated ab
initio with FEFF8.4.28 The experimental data were fitted

using k-weights of 2, 3, and 4 simultaneously, with a com-

plete multiple scattering analysis. The parameters used in

the triple k-weights fit were listed in Table II, while the

spectra were plotted with k-weight of 2 in Figures 2 and 3.

Four different models were used to characterize the atomic-

scale environment of implanted In atoms as shown sche-

matically in Figure 1:

(1) All In atoms occupying a substitutional lattice position

in Ge;

(2) All In atoms are in a metallic In environment;

(3) A combination of (1) and (2);

(4) As per (3) but with the addition of a vacancy in the first

shell surrounding an In atom in Ge.

The amplitude reduction factor S2
0 was determined for

the In metal standard (0.7) and then fixed for the subsequent

fitting of all spectra. The energy shift parameter (E0) was

fixed to be 1.52 eV for model (1) and 2.15 eV for model (2),

TABLE I. Implantation fluences (atoms/cm2) and energies for each sample in different In concentrations.

Concentration

(at. %)

Energy (KeV) 0.02 0.06 0.2 0.6 1.2

700 1.19� 1014 3.58� 1014 1.19� 1015 3.58� 1015 7.15� 1015

1400 2.06� 1014 6.19� 1014 2.06� 1015 6.19� 1015 1.24� 1016

2300 2.34� 1014 7.02� 1014 2.34� 1015 7.02� 1015 1.40� 1016

3400 5.44� 1014 1.63� 1015 5.44� 1015 1.63� 1016 3.26� 1016

165701-2 Feng et al. J. Appl. Phys. 118, 165701 (2015)
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according to the fitting quality. For model (1), three different

Debye-Waller Factors (DWFs) and bondlengths were used

for the single scattering paths. DWFs and bondlengths of the

multiple scattering paths were calculated from single scatter-

ing paths to reduce the number of variables.29,30 Since the

two main scattering paths of In metal are similar (3.245 and

3.370 Å), analysis using model (2) floated all the bondlengths

by multiplying the theoretical values by a factor (1þ a),

R¼Reff� (1þ a), and a single DWF variable was used.

Model (3) was achieved by combining the scattering ampli-

tude of model (2) multiplying by a metal fraction fm and

model (1) multiplying by a substitutional fraction, 1� fm.

Model (4) is the same as model (3) but with a reduced CN of

the first shell surrounding an In atom in Ge.

To aid in fitting the EXAFS results and simulating the

XANES spectra, DFT calculations for a substitutional In

atom with and without a vacancy in the first shell were per-

formed using VASP.31 The generalized-gradient approxima-

tion (GGA) with the Perdew-Burke-Ernzerhof (PBE)

exchange-correlation function32 was utilized to calculate the

interaction between the In atom, vacancy, and the 2� 2� 2

Ge supercell, with a 10� 10� 10 k-point mesh using the

Monkhorst-Pack sampling scheme.33 The projector aug-

mented wave (PAW) pseudopotentials34 implemented in

VASP were also used with a planewave cutoff energy of

240 eV. A conjugate-gradient (CG) geometry optimization

algorithm was used to relax the lattice following the progres-

sive relaxation procedure:35 Ion relaxation was first per-

formed between the dopant(s) and the surrounding atoms

over an increasing region size followed by a cell parameter

relaxation and then the final relaxation of all atoms, cell vol-

ume, and cell shape. Ab-initio molecule dynamics (MD) runs

in VASP were also performed from 1000 to 300 K with 1000

ionic steps under the RMM-DIIS scheme36 before the DFT

geometry optimization to simulate an annealing process and

assure a global minimum total energy was obtained in the

subsequent DFT calculation.

Ab-initio XANES calculations of substitutional In (with

structural relaxation performed in DFT) and In metal were

performed for comparison with the experimental results.

FEFF937 was used for a full multiple scattering analysis for

all paths within a radius of 8.5 Å (123 atoms) for substitu-

tional In and 9.5 Å (139 atoms) for metallic In. Calculations

with larger cluster radii confirmed the spectra fully

TABLE II. EXAFS fitting results as a function of In concentration and model. a is the factor of difference between the calculated and theoretical In path

lengths; r2
In is the DWF used in the fittings with model (2); r1, r2, r3 and r2

1, r2
2, r2

3 are the radial distances to the first, second, and third NNs and their corre-

sponding DWFs, respectively; fm (%) is the In metal fraction and 1st NN CNGe is the coordination number of Ge surrounding In in the first shell; R-factor rep-

resents the fit quality; uncertainties are given in brackets.

Sample Model a (%) r2
In (Å2) r1 (Å) r2 (Å) r3 (Å) r2

1 (Å2) r2
2 (Å2) r2

3 (Å2) fm (%) 1st NN CNGe R-factor

0.02 (1) … … 2.558 4.042 4.683 0.0032 0.0041 0.0064 … 4 0.0093

at. % (2) (4) (8) (3) (4) (9)

0.06 (1) … … 2.559 4.046 4.685 0.0034 0.0046 0.0071 … 4 0.0078

at. % (2) (3) (7) (2) (4) (9)

0.2 (1) … … 2.563 4.053 4.689 0.0036 0.0051 0.0074 … 4 0.0055

at. % (1) (3) (7) (2) (3) (7)

0.2 (3) �7.36 0.0293 2.562 4.051 4.690 0.0026 0.0043 0.0067 14 4 0.0038

at. % (24) (17) (1) (3) (5) (1) (3) (7) (7)

0.6 (3) �2.15 0.0052 2.561 4.037 4.711 0.0042 0.0031 0.0060 72 4 0.0188

at. % (12) (5) (7) (9) (29) (8) (10) (19) (7)

0.6 (4) �2.12 0.0041 2.561 4.044 4.712 0.0036 0.0055 0.0071 63 3.1 0.0118

at. % (9) (4) (5) (8) (14) (5) (8) (13) (4) (0.4)

1.2 (3) �2.13 0.0050 2.561 4.034 4.739 0.0044 0.0027 0.0047 81 4 0.0174

at. % (11) (5) (14) (17) (36) (12) (15) (25) (6)

1.2 (4) �2.13 0.0041 2.561 4.033 4.732 0.0039 0.0056 0.0068 72 2.6 0.0130

at. % (9) (3) (10) (12) (21) (7) (11) (15) (5) (0.5)

In foil (2) �0.46 0.0040 … … … … … … 100 … 0.0046

(6) (2)

FIG. 1. Structural models used in the

EXAFS fitting showing (a) a substitu-

tional In atom in a Ge lattice, (b) me-

tallic In, (c) a substitutional In atom in

a Ge lattice with a vacancy in the first

NN shell.

165701-3 Feng et al. J. Appl. Phys. 118, 165701 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

203.173.15.117 On: Fri, 23 Oct 2015 00:52:29



converged at the given radii. These calculations were based

on overlapping muffin-tin potentials obtained from self-

consistent calculations with a radius equal to 6 Å (35 atoms

for substitutional In and 43 atoms for metallic In) using the

Hedin Lundqvist exchange function.38 The amplitude reduc-

tion factor (S2
0) used in these calculations was 0.7 based on

the EXAFS fittings. Complementary FDMNES calcula-

tions39 were also performed using a similar multiple scatter-

ing formalism within the muffin-tin approximation (MTA).

The MTA was chosen over the finite difference method

(FDM) given it was computationally much less demanding.

The FDM results were very similar to those from MTA since

they use the same package but with different potentials. Full

multiple scattering calculations were performed within the

same radius used for the FEFF9 simulations and convergence

was also confirmed.

III. RESULTS

Figure 2 shows EXAFS spectra as a function of In con-

centration. The 0.02, 0.06, and 0.2 at. % samples share a sim-

ilar EXAFS spectrum, while the 0.6 and 1.2 at. % samples

are comparable to the In standard. This implies that In atoms

have a common atomic environment for In concentrations

�0.2 at. % and begin to precipitate to form metallic In for

concentrations of >0.6 at. %. Fittings of the FT EXAFS

spectra, as shown in Figure 3, confirm this argument. For

samples with In concentration � 0.2 at. %, In atoms occupy

a four-fold coordinated substitutional site in a crystalline Ge

matrix, consistent with model (1). For these three samples,

the In-Ge nearest neighbor (NN) distances (Figure 4(a))

increase with increasing In concentration. The surrounding

Ge lattice expands by �0.1 and 0.05 Å at the first and second

shells, respectively, due to the presence of substitutional In.

The fitted DWFs (Figure 4(b)) for these three samples also

increase as a function of In concentration, indicative of

increasing disorder. Fitting the 0.2 at. % sample spectrum

with model (3) yielded no evidence of a two component sys-

tem comprising substitutional In and metallic In.

For 0.6 and 1.2 at. % samples, the FT EXAFS spectra

appear to be comprising substitutional In and metallic In

components. However, application of model (3) to the

EXAFS analysis, where a substitutional In atom is four-

fold coordinated with Ge atoms, yielded non-physical

DWFs (relatively high for the first shell but unrealistically

low for the second and third shells) (Figure 4(b)). Given

the DWF and CN are highly correlated and both influence

the FT EXAFS magnitude, model (4) was invoked where

the CN for In atoms in the non-metallic environment was

floated such that CN� 4 atoms. The resulting R values (the

FIG. 2. k2-weighted EXAFS spectra as a function of photoelectron wave-

number for In concentrations of 0.02–1.2 at. %. Spectra are offset vertically

for clarity. Dashed line shows the k-range window used for the data fitting.

FIG. 3. FT EXAFS spectra as a function of radial distance for In concentra-

tions of 0.02–1.2 at. %. Spectra are offset vertically for clarity. Dashed lines

show the R-range windows used for the data fitting. Symbols represent the

data while solid lines are best fits using model (1) for 0.02, 0.06, and 0.2

at. %, model (2) for the In standard, and model (4) for 0.6 and 1.2 at. %.

FIG. 4. (a) Radial distances and (b)

DWFs from the In atom to the first

(circles), second (squares), and third

(triangles) NN determined with

EXAFS. For 0.02, 0.06, and 0.2 at. %

samples, fitting results with model 1

are shown for 0.6 and 1.2 at. % sam-

ples, fitting results with models 3

(open symbols) and 4 (solid symbols)

are shown. Dashed lines on (a) are the

NN radial distances in bulk Ge.

165701-4 Feng et al. J. Appl. Phys. 118, 165701 (2015)
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relative error of the fit to the data) were much improved,

attesting to the higher validity of this model compared to

that of model (3).

The fittings of 0.6 and 1.2 at. % samples with model (4)

yielded metallic fractions of 63 and 72%, respectively, with

substitutional In atom CNs of 3.1 and 2.6 atoms, respec-

tively. The dashed lines of Figure 4(b) demonstrate that the

fitted DWFs for the non-metallic In component of these two

samples with model (4) are, within experimental error, effec-

tively constant as a function In concentration, as is the In-Ge

NN distance, while the distances to second and third NNs

(Figure 4(a)) decrease and increase, respectively, at 0.6 at. %

and beyond. We speculate the reduced CN and reduced

second NN distance are evidence of an In-V complex.

Comparing the fitting of the metallic component to the In

standard, the In-In NN distance in the former is reduced by

2%. This implies that the In precipitates in the 0.6 and 1.2

at. % samples are compressed by the Ge matrix. The CN for

the In precipitates and In standard was equal, indicating that

finite-sizes effects were negligible and thus the In precipi-

tates must be of a significant size (�10 nm). The EXAFS

spectra fitting results are listed in Table II. We acknowledge

that the fitting results from model (4), an In atom in a Ge lat-

tice with one NN removed, could potentially be improved by

instead using the DFT relaxed structure. We chose however

not to use the DFT relaxed structure for simplicity and to

retain continuity between the models.

The x-ray absorption near-edge structure (XANES) spec-

tra were normalized from 15 eV below to 55 eV above the In

K-edge and are shown in Figure 5(a). As the In concentration

increases, the absorption edges are shifted to lower energy, to-

ward the metallic state, as expected. The XANES spectra of

the 0.6 and 1.2 at. % samples exhibit an oscillation character-

istic of In metal but with lower amplitude given the metallic

In fraction in these samples is <100%. The XANES spectra

for samples with lower In concentrations (0.02–0.2 at. %) are

by comparison much smoother.

The simulated spectra of substitutional In in a Ge lat-

tice, with and without vacancies, and In metal were nor-

malized and aligned to the experimental spectra. The

simulated spectra then served as standards to perform lin-

ear combination fitting (LCF) of the experimental results.

A LCF was also performed with the ATHENA program

using the experimental XANES spectra of the 0.02 at. %

and In standard. The calculated In metal fractions are listed

in Table III. Figure 5(a) shows that the experimental

results are well described by the combination of substitu-

tional In in Ge and In metal models, and the two simulation

methods agree well. Figure 5(b) shows that the simulated

XANES spectra are insensitive to the presence of a va-

cancy in the first NN shell surrounding a substitutional In

atom. The variation from one simulation code to another

(FEFF9 and FDMMES) is greater than the variation with

and without a vacancy using one of the two given codes.

As shown in Table III, the calculated In metal fractions

from the Athena LCF based on experimental spectra gener-

ally agree with the fitting based on simulated spectra from

FDMNES and FEFF9 and also the results from EXAFS

fitting.

The In-Ge NN distance calculated by DFT, with and

without a vacancy, agrees within 2% with the EXAFS

results. Figure 5(b) shows that the XANES spectra simulated

from the DFT relaxed structure are in good agreement with

the structure from the models derived with EXAFS. The

high quality of the XANES fitting also implies that the mod-

els are physically realistic. Other models, such as two vacan-

cies or an In atom in the first NN shell, were also

FIG. 5. (a) XANES spectra (circles) and their best fits with FDMNES (dashed lines) and FEFF9 (dot dashed lines) using the LCF method. Metal fractions are

listed in Table III. The fittings basing on In metal combining In substitution Ge with 1st NNs coordination numbers 3 were plotted for 0.6 at. % and 1.2 at. %

samples. (b) The comparison of simulated XANES spectra with coordination numbers 3 and 4 in the In to Ge first NNs and the simulated XANES spectra from

EXAFS modeling and DFT structure relaxation. All spectra were vertically offset for clarity.

TABLE III. In metal fractions as a function of In concentration comparing

results from experimental XANES (ATHENA), simulated XANES

(FDMNES and FEFF9), and experimental EXAFS. The first NN shell sur-

rounding an In atom comprised Ge atoms with the coordination number des-

ignated “1st NN CNGe.” Uncertainties are given in parentheses.

Sample 1st NN CNGe ATHENA FDMNES FEFF9 EXAFS

0.02 at. % 4 0 0(3) % 0(2) % 0%

0.06 at. % 4 0(2) % 0(1) % 3(1) % 0%

0.2 at. % 4 15(1) % 11(1) % 16(1) % 0%

0.6 at. % 4 62(2) % 61(3) % 61(2) % 72(7) %

0.6 at. % 3 … 59(2) % 60(3) % 63(4) %a

1.2. at. % 4 70(1) % 69(3) % 70(1) % 81(6) %

1.2 at. % 3 … 66(2) % 67(3) % 72(5) %b

aThe 1st NN CNGe value determined with EXAFS is 3.1 for this sample.
bThe 1st NN CNGe value determined with EXAFS is 2.6 for this sample.
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investigated with DFT but were not compatible with either

the EXAFS or XANES results.

Figure 6 shows TEM images as a function of In concen-

tration. No structural disorder or metallic In precipitates are

observed at low In concentration (0.06 at. %), while precipi-

tates are apparent for In concentrations of >0.6 at. %. The

precipitate density and size are greater for the 1.2 at. % sam-

ple. The crystalline nature of the precipitates is confirmed by

the Moir�e patterns formed as a result of the overlap of the In

and Ge lattices. The TEM images thus confirm the

synchrotron-based measurements, showing that In precipi-

tates at >0.6 at. %. At these concentrations, line defects (dis-

locations) are also visible in the dark-field TEM image (inset

in Figure 6(b)).

Raman spectra were also recorded across the In concen-

tration range, focusing on the Ge TO band. (Metallic In is

not Raman active.) Figure 7 shows normalized Ge TO spec-

tra fitted with Lorentzian functions. The spectra of the low

concentration samples (0.02–0.2 at. %) are similar to bulk

crystalline Ge, while the high concentration samples (0.6 and

1.2 at. %) have much lower amplitude and are shifted to

lower wavenumber. Figures 7(b) and 7(c) show the Raman

shift and FWHM. A significant change is observed between

samples with In concentrations of 0.2 at. % and 0.6 at. %

(without and with In precipitates). The shift to lower wave-

numbers results from the Ge lattice expansion, while the

increase in FWHM (and decrease in peak height) results

from increasing disorder. The Raman shift and FWHM both

scale as a function of In concentration. We also note that no

broad features from an amorphous component are

observable.

Hall Effect measurements are shown in Figure 8. All

samples exhibited p-type conductivity and the sample ge-

ometry did not significantly influence the results. As the In

concentration increases, the resistivity decreases, while the

carrier density increases as expected. The carrier mobility

decreases as the In concentration increases due to the

increase in both disorder and ionized impurity scattering.

For high In concentrations (>0.6 at. %), the In atom active

fraction drops significantly. The increase in carrier density

continues despite our observation of In precipitates in these

samples. We would anticipate a saturation of the carrier

density once the In concentration exceeds the solid solubil-

ity limit and In precipitates begin to form. This result may

indicate that disorder in the Ge lattice can potentially

enhance the carrier density, as proposed by Romano

et al.40

Our results agree well with previous experiments per-

formed by Decoster et al.10,15 for low fluence (1012 In/cm2)

In-doped Ge samples implanted at room temperature.

Utilizing DLTS and emission channeling, they showed that

defects in the Ge lattice were removed and In atoms occu-

pied a substitutional lattice site after annealing above 500 �C.

Rutherford backscattering spectrometry/channeling measure-

ments also demonstrated that most In atoms occupied a sub-

stitutional lattice site after annealing41,42 in these low fluence

samples. Finally, PAC experiments showed In atoms occu-

pied substitutional lattice sites with perfect cubic symmetry

after annealing at 600 �C.16–18

Using DFT, we also calculated the binding energy of an

In atom and vacancy with the vacancy as either the first, sec-

ond, or third NN of an In atom. Results are listed in Table IV

and agree well with earlier calculations from Chroneos

et al.13 The negative binding energy is indicative of greater

stability when an In atom and vacancy are bound together

compared to isolated individually. Our results, and those of

Chroneos et al., show that the binding energy increases when

the vacancy is either a second or third NN, demonstrating an

In-V cluster is most stable with the vacancy as the first NN.

FIG. 6. Cross section TEM images for (a) 0.06 at. %, (b) 0.6 at. %, and (c)

1.2 at. % samples. The inset in (b) is a dark field image while that in (c)

shows a high resolution image of a metallic In precipitate.
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This finding clearly supports our EXAFS results where we

presented evidence of such an In-V cluster.

IV. CONCLUSIONS

Our detailed investigation of the atomic-scale environ-

ment surrounding an In atom in In-implanted Ge has demon-

strated that In atoms occupy a substitutional site at low

concentrations and precipitate to form metallic In at high

concentrations. In addition, EXAFS measurements yielded

evidence of an In-V complex and this result was supported

by complementary DFT calculations as it shows In-V pairing

is energetically favorable. The synchrotron-based structural

characterization was supplemented by TEM and Raman

measurements which showed that lattice disorder increases

with implanted ion fluence or, equivalently, In concentration.

Finally, electrical characterization demonstrated that lattice

disorder may enhance the carrier density as suggested in pre-

vious reports.40
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