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Abstract
Highly doped germanium (HD-Ge) is a promising material for mid-infrared detectors, bio-sensors, and other devices. Bulk 
crystals with a doping concentration higher than 1018 cm−3 would be desirable for such device fabrication technologies. 
Hence, an effective method needs to be developed to dope germanium (Ge) ingots in the Czochralski (Cz) growth process. 
In this study, a total of 5 ingots were grown by the Cz technique: two undoped Ge ingots as a reference and three doped 
ingots with 1018, 1019 , and 1020 atoms/cm3 respectively. To obtain a uniform p-type doping concentration along the crystal, 
co-doping of boron-gallium (B-Ga) via the Ge feed material was also attempted. Both B and Ga are p-type dopants, but with 
a large difference in their segregation behavior (contrary segregation profile) in Ge, and hence it is expected that the incor-
poration of dopants in the crystal would be uniform along the crystal length. The distribution of the dopants followed the 
Scheil-predicted profile. The etch pit density maps of the grown crystals showed an average dislocation density in the order 
of 105 cm−2. No increase in the overall etch pit count was observed with increasing dopant concentration in the crystal. The 
grown highly doped Ge crystals have a good structural quality as confirmed by x-ray diffraction rocking curve measurements.
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Introduction

There has been renewed interest in the search for new mate-
rials for plasmonic nano-antennae for nano-optical applica-
tions. Directing and concentrating the incoming electromag-
netic into sub-diffraction-limited near-field volumes makes 
it possible to access the “fingerprint” wavelength region 
between 5 and 15 µm in the mid-infrared (MIR) spectrum.1–3 
This region is of great interest as the earth's atmosphere 
is relatively transparent and contains characteristic vibra-
tions of many molecules. The applications with such a pho-
tonic system would enable communication technologies, 
environmental and biochemical sensing, industrial process 
control, detection of toxins, and point-of-care diagnostics.4,5 
Recently, highly doped semiconductors have been proposed 

as tuneable materials for MIR applications.4–6 Compared to 
the currently used metals, such as Au, Ag, and Al, highly 
doped Ge possesses a much lower plasma frequency.4,6 
However, the free carrier concentration can be regulated by 
doping germanium (Ge) (n-type or p-type) with the desired 
doping levels, and further tuned by methods such as optical 
excitement.4 Furthermore, considering the compatibility of 
Ge with the widely used silicon (Si)-based CMOS fabri-
cation, losses related to lattice misfits could be effectively 
addressed with a higher doping level (1019–1020 cm-3) and a 
tuneable frequency up to 95 THz corresponding to 3.1 µm.1 
Such a nano-antenna fabricated on a Si substrate is shown 
in Fig 1.7 In the case of Ge, highly doped substrates are cur-
rently mainly produced using epitaxial and ion implantation 
methods with doping levels of > 1019 cm−3.4,8 Considering 
the increased demand for such devices in the future, a com-
bination of efficient device fabrication technologies, such 
as wafer-bonding, transfer-printing of Ge on Si, etc., would 
necessitate highly doped germanium (HD-Ge) bulk crys-
tals (i.e., ingots), which could meet the needs of producing 
higher-quality plasmonic material.
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The properties of the grown crystals need to be uniform 
for any device application. However, the non-uniformity, 
the presence of structural defects, and mainly small angle 
grain boundaries (SAGBs) even with low doping concen-
trations will deteriorate the devices. At higher doping lev-
els, a larger number of crystal defects might be introduced 
in the crystal. Crystal defects induced by unstable growth 
conditions and varying parameters might also cause dif-
ferent impurity distributions. Inappropriate melt mixing 
or a faster growth rate has a fatal effect on the structural 
quality. For instance, the agglomeration of dopants in a 
dislocation or a grain boundary may result in inhomoge-
neous material. Hence, it is important to investigate the 
segregation of the dopants, while the optimization of the 
crystal growth parameters would be important to bring 
about the highly doped Ge ingots.

We report the challenges associated with achieving high 
doping levels in Ge grown by the Czochralski (Cz) method 
(Cz-Ge) ingots. A lower number of crystal defects (dislo-
cations ∼ 105–106 cm−2) in the Cz-Ge ingots, compared 
to the Ge-Si epi-layers (dislocations ∼ 106–108 cm−2), can 
be achieved. Substrates from such ingots could further 
reduce the intrinsic losses in the fabricated MIR detector.4 
Achieving high doping levels in bulk-grown Ge is chal-
lenging, mainly due to a lack of effective doping means 
and methods. Previous studies showed that, while growing 
CZ-Ge with doping concentrations higher than 1019 cm−3, 
the crystal–melt interface stabilities were prominent  .9 
Recently, Sumathi et al. reported the growth of heavily 
doped n-type Cz-Ge ingots with dopant concentrations up 
to 3 × 1018  cm−3 using the gas-phase doping method.8  
Some of the factors that limit the ease of producing such 
ingots are8,9:

•	 Solubility limit of major dopants in Ge
•	 Limitation due to low and high segregation coefficient 

(k0 <<1 or k0>> 1).
•	 Constitutional supercooling
•	 Introduction of structural defects.

Among the different dopants and doping methods, we 
have studied the effects related to introducing Ga and B 
dopants with varying concentrations (1018–1020 cm−3) with 
or without co-doping in Ge. Ga was selected as the dopant 
due to its stability in the solid phase to carry out solid-dopant 
doping, and its high solubility in Ge (5 ×10 20 cm−3).10

Experimental

Crystal Growth

The Ga-doped germanium ingots were grown using the Cz 
method. Electronic-grade polycrystalline Ge was used as the 
feedstock for all the Ge crystals grown in this work.

A total of five ingots were grown, with two reference 
ingots and three ingots with varying dopant (Ga) concentra-
tions (Table I). A Ge seed crystal of <100> orientation was 
used for the growth experiments. The crystals were grown 
in an argon atmosphere at a pressure of about 40 mbar. The 
Ar flow rate was 13 Nl/min. Furthermore, all the crystals in 
this work were grown with the same constant growth rate of 
30 mm/h. Before the growth experiment, the Ge feedstock 
was etched using an HF:HNO3 (3:1) solution (approx. 5 min) 
to remove oxides at the surface. After this procedure, the 
feedstock was loaded into a graphite crucible in a furnace. 
The crucible and the seed crystal were rotated in counter 
directions at 6 and 10 rpm, respectively. A resistively heated 
furnace was used for the growth experiments. Figure 2a 
depicts the prominent parts of the Cz equipment.

Doping

As mentioned in Sect. "Introduction", to address a major 
challenge in growing HD-Ge ingots, i.e., an effective doping 
method, solid-dopant doping with a different scheme was 
carried out in this work. Furthermore, co-doping was also 
attempted in HD-Ge_2. 5N pure metallic Ga and B powders 
were used for doping. Such co-doping in this melt growth 
technique was carried out by adding B and Ga to the Ge 
feedstock by introducing them simultaneously via dopant 

Fig. 1.   SEM image of a single Ge double-rod antenna on a silicon 
substrate with a 3.5-µm arm length. Reproduced from Ref. 7, under a 
Creative Commons attribution 4.0 international.

Table I   Feedstock weight and doping concentrations discussed in this 
work

Crystal name Crystal 
weight (g)

Initial doping concen-
tration (atoms/cm3)

Dopant atoms

Ref-Ge_1 860  < 1015 –
HD-Ge_1 860 1018 Ga
HD-Ge_2 860 1019 B-Ga
Ref-Ge_2 500  < 1015 –
HD-Ge_3 500 1020 Ga
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“pockets”, as shown in Fig 2b. The segregation coefficients 
of Ga and B in Ge have been reported to be 0.087 and 5–6, 
respectively.10,11 Considering such high segregation of B and 
very low segregation of Ga, the active carrier concentra-
tion in the co-doped ingot would be thought to be relatively 
constant throughout the ingot length. To limit the loss of 
dopants due to evaporation, the pockets were sealed with Ge 
feed particles (Fig. 3).

Characterization

The grown crystals were 85–100 mm long with a diameter 
between 35 and 45 mm, and were grown with a growth rate 
of 30 mm/h. The grown ingots were cut in the middle along 
the [100] direction. Subsequently, wafers with 2-mm thick-
ness were cut perpendicular to the growth direction from the 
first half of the vertical cut. From the other half, a long cut 
along the axial direction was carried out, such that the (110) 
face was exposed along the ingot length (i.e., cross-section 
sample). The (110) wafers were 35- to 40-mm-diameter 
semi-circles and were polished using the standard chemo-
mechanical polishing procedure for Ge. The high doping 
concentration resulted in a polycrystalline region at the tail/

cone end of the doped ingots. Furthermore, the “thread-like” 
structures observed at the cone end of the highly doped ingot 
are due to the rapid solidification of the dopant oversaturated 
melt (Fig 4). This effect was observed in all the investigated 
crystal growth experimental profiles. The other introduced 

Fig. 2.   (a) Schematic of a standard Cz process, (b) schematic of the dopant pockets used to carry out solid-dopant co-doping: (B: C0 ≈ 10 
19 cm−3 and Ga: C0 ≈ 10 19 cm−3).

Fig. 3.   (a) HD-Ge_2: co-doped Ge ingot with dopants B and Ga (C0(Ga) and C0(B) ≈ 1019  cm−3), (b) HD-Ge_1: Ga-doped Ge ingot (C0(Ga) ≈ 
1018 cm−3).

Fig. 4.   HD-Ge_3 [Co ≈ 2 × 1020  cm−3] ingot, Pos 1 (25  mm), Pos 
2 (45  mm), and Pos 3 (65  mm) correspond to the different regions 
along the crystal length from where wafers for EPD and XRD-rock-
ing curve measurements were carried out. Similar positions were 
used for samples from all the crystals.
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structural inhomogeneities, such as dislocations  and SAGBs 
due to the high concentration of dopants, were also exam-
ined. Identifying these structural defects and correlating 
these effects with the growth parameters is important in the 
preparation of higher-quality HD-Ge ingots. The microstruc-
ture was analyzed by checking the etch pit density (EPD) 
maps, carrying out x-ray diffraction (XRD) rocking curve 
measurements and energy dispersive Laue spectroscopy 
(EDLM). The EDLM method is a relatively new technique 
for the non-destructive identification of SAGBs,12 especially 
in the lower regions of the grown ingots, due to the after 
effect of dopant segregation and a high number of etch pits 
(dislocations). The EDLM mapping was carried out using a 
commercial tool. The EPD analysis was done by using wet 
chemical etching with a solution containing hydrofluoric 
acid, nitric acid, and copper nitrate.13 The dopant segrega-
tion profile was reviewed using inductively coupled plasma 
optical emission spectroscopy (ICP-OES), atomic absorp-
tion spectroscopy (AAS), secondary ion mass spectroscopy 
(SIMS), and micro-x-ray fluorescence (µ-XRF). µ-XRF 
was carried out under low-vacuum conditions (1–20 mbar) 
using a Bruker M4 TORNADO spectrometer. The Rh x-ray 
source was operated at a voltage of 50 kV and the tube cur-
rent was set to 200 µA and point measurements were per-
formed. The measurement time per point was set to 100 s. 

Quantification was conducted by using the fundamental 
parameter  approach based on Sherman's equation.14  The 
resistivity and the active carrier concentration were deter-
mined using a 4-point probe and the Hall measurement at 
room temperature (RT), respectively.

Results and Discussion

Microstructural Analysis of HD‑Ge Ingots

The microstructural characterization of the grown Ge ingots 
analyzed by the EPD maps  and EDLM measurements are 
presented here. The etch pit counts were carried out sepa-
rately at the center, middle, and periphery surface areas (see 
Fig. 5). Wafers were obtained from three positions along 
the length of the ingot, as marked in Fig. 4, namely, the 
seed end, the middle region, and the cone end. As expected, 
dislocation counts increase at the periphery of the crystal 
and along the ingot height (Fig. 5a). This could be due to the 
thermal stresses acting on the growing ingot, while the effect 
of dopants is limited.15,16 The usual “ring-like” pattern15 
was seen upon observing the etch pit distribution within the 
wafers in the radial direction. The etch pit map of one of 
such wafers obtained from the middle bulk (approx. crystal 

<110>

<110><110>

<110>(b)

(c)

(d)(e)

(a)

Fig. 5.   (a) EPD counts of ingots, Ref-Ge 1, HD-Ge_1, HD-Ge_2, and 
HD-Ge_3 represented in a log scale, (b) etch pit map of the middle 
region (crystal length 30–60  mm) of ingot HD-Ge_1, (c)), (d), and 
(e) etch pit maps showing clustering of dislocations of the seed end 

(crystal length 5-25 mm), middle region (crystal length 30–60 mm), 
and the cone end (crystal length 70–90  mm) of ingot HD-Ge_2, 
respectively. The horizontal dotted line in (c)–(e) represents where 
the XRD-RC was performed.
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length 40 mm) of the HD-Ge_1 is shown in Fig. 5b, where 
the ring-like pattern can also be seen. Furthermore, a uni-
form distribution of etch pits was observed in the ingot. The 
higher number of dislocations revealed by the EPD maps of 
HD-Ge_1 could be due to the mechanical strain induced in 
the crystal due to the thermal stress, possibly during cool-
ing.16 No clear effect in the overall dislocation density was 
observed with increasing dopant concentrations.

A higher number of dislocation clusters were observed 
along the axial length of the ingot HD-Ge_2 (Fig 5c, d, and 
e). The presence of dislocation clusters (Figs. 5c, d, and e, 
and  a) was prominent with increasing doping concentration 

along the length of this crystal. Furthermore, many of the 
etch pits were observed to be overlapping with one another. 
This might result in a lower count of etch pits than the actual 
number (Fig. 6b). The etch pits observed using a higher 
magnification revealed an inverted pyramid structure of the 
pits with its edges along the [110] direction. This is because 
the dislocations in Ge crystal grown along the [100] direc-
tion move along the {110} planes in the [111] direction.

Figure 7 shows the EDLM maps obtained for the doped 
ingots. The mappings were recorded at a tube current of 
600 µA to detect high-intensity Bragg peaks to qualitatively 
assess the microstructural features. For these mappings, the 

Fig. 6.   Etch pits observed in one of the sample surfaces of HD-Ge_2: (a) dislocation cluster, (b) magnified (x50) image of the etch pits shown in 
(a).

Fig. 7.   EDLM mapping results of the ingots: (a) HD-Ge_3–crystal length cross-section (C0 ~ 1020 cm-3), (b) HD-Ge_3 (C0 ~ 1020 cm-3), ingot 
length 45–60 mm, and (c)) HD-Ge_2 (C0 ~ 1019 cm-3), ingot length 60–70 mm.
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integration time per point was set to 20 ms and the spots 
were measured 3–4 times to increase the counting statistics, 
i.e., the scans involved 3–4 passes over the sample. The dis-
tance between individual points was between 27 and 65 µm. 
Due to sample damage, the entire length of the HD-Ge_2 
could not be carried out. However, the bottom region of the 
ingots (crystal length 60–80 mm) has been compared, which 
is of more interest. The compared regions of the ingots are 
depicted in Fig. 7c.

SAGBs (marked in HD-Ge_3; Fig. 7b) corresponded to 
the highest doping concentration along the crystal length 
in the mono-crystalline region. Furthermore, a sub-grain 
boundary was also identified by the EDLM in HD-Ge_2 
and is marked in Fig. 7c. Upon investigating this region 
under the microscope, a micro-scratch was observed. 

Hence, it remains to be further investigated whether the 
observed “sub-grain boundary” is an artefact or a structural 
defect. The region that demarcates between SAGB-free and 
defected regions (marked with a black arrow in Fig. 7a) does 
not correspond to the start of the polycrystalline Ge at the 
bottom of the ingot. The bottom region of the EDLM map 
of HD-Ge_3 depicts the polycrystalline region due to dopant 
over-saturation. The dark regions (contrast in brightness) 
seen in the EDLM at the bottom of HD-Ge_3 (Fig 7a) are 
due to the different orientations of the poly-grains compared 
to the mono-crystalline bulk.

X-ray diffraction rocking curve (XRD-RC) analysis was also 
carried out on the grown (see Fig. 8) ingots at similar positions 
marked in Fig. 4. The position of the horizontal line scan to 
obtain the rocking curve is marked in Fig. 5c, d, and e. The 

Fig. 8.   XRD-rocking curve measurements of ingots Ref-Ge 1, HD-Ge_1, HD-Ge_2, and HD-Ge_3: (a) seed end ingot length 20–25 mm, (b) 
middle bulk ingot length 45–55 mm, and (c)) tail/cone end ingot length 55-65 mm.
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measurements were carried out using the symmetric (400) 
reflex. The full-width half-maximum (FWHM) obtained for 
the ingots, Ref 1, HD-Ge_1, and HD-Ge_2 was around 9 
arcsec, indicating a good quality of the grown crystals. On 
comparing the EPD of HD-Ge_3 (Fig. 5a) with the measured 
rocking curve at position 2, the broadening of the peak along 
the crystal length could be mainly due to the introduction of 
many SAGBs. However, the EDLM at position 2 (Fig. 7a) did 
not show any presence of SAGBs. Hence. the SAGBs present 
in this region could be less than 2.5°, which is lower than the 
sensitivity of the EDLM technique. Furthermore, the FWHM 
measured at position 3 (Fig 8c) confirms the findings by the 
EDLM (Fig 7b). suggesting the presence of a large number 
of SAGBs.

Impurity concentration in the grown ingots

The resistivity profile in the grown ingots was initially checked 
using the 4-point probe method. From the resistivity values 
obtained, the dopant/impurity concentration was calculated 
using theoretically derived mobility values.17  The segre-
gation profiles were calculated using the Scheil equation, 
assuming the equilibrium segregation coefficient of dopants 
(k0 (Ga) ≈ 0.087).11 The effective segregation coefficients 
(keff[calc.]) were calculated using,

where v is the growth rate of the crystals, δ is the diffusion 
layer thickness, and D is the diffusivity of dopants in Ge.18 
The diffusivity values considered were, for Ga in Ge, 7.2 
× 10−5 cm2/s, and for B in Ge, 1.4 × 10-4 cm2/s.10,11,19 The 

keff =
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0

)
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calculated keff[calc.] of Ga and B in Ge in this work were 
0.148 and 2.581, respectively. The obtained values for the 
keff[calc.] of Ga in the growth experiments are in good agree-
ment with previously obtained values for Ga in Ge crystals at 
growth rates of around 30 mm/h. The effective segregation 
of Ga in Ge is shown to increase at higher growth veloci-
ties.20,21 Similarly, for B in Ge, the Keff[calc.] obtained did 
not deviate much from the previously reported Keff values 
for B in Cz-Ge crystals.22 However, the experimentally esti-
mated segregation of B in co-doped Ge is very low due to 
the interaction of Ga and B. The chemical concentrations 
of dopants were measured using AAS, ICP-OES, µ-XRF, 
and SIMS techniques. Figure  9 shows the results from 
the 4-point probe measurements on ingots HD-Ge_2 and 
HD-Ge_3. The resistivity measurement of the co-doped 
ingot (HD-Ge_2) follows the theoretical curve of Ga and 
did not show the presence of B. The theoretically calculated 
resistivity due to B-segregation is also shown in Fig. 9a.

Considering the high segregation coefficient of B in Ge, 
it was expected that lower resistivities in the top region 
of the ingot HD-Ge_2 would be obtained due to the co-
doping of B and Ga. On the contrary, a similar trend of 
the resistivity profile in HD-Ge_2 as in the gallium-doped 
HD-Ge_3 was observed (Fig. 9b). Hence, the higher resis-
tivity values that were measured in the top region of the 
B-Ga co-doped ingot are only influenced by the Ga segre-
gation. The distribution of Ga in HD-Ge_1 and HD-Ge_2 
along with B in the HD-Ge_2 was checked using AAS, 
ICP-OES, SIMS, and the Hall measurements at RT. The 
B concentration in the ingot could not be detected by ICP-
OES and AAS measurements due to the light weight of 
B and the formation of B4C, respectively. However, the 
measured Ga distribution in the ingots followed a Scheil-
like dopant distribution trend. From Fig 10a, the highest 

Fig. 9.   Resistivity measured using the 4-point probe method for ingot HD-Ge_2 (a) and HD-Ge_3 (b).
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measured concentration of B at 20% solidified fraction 
HD-Ge_2 is approximately 8 × 1017 cm−3. Although, the 
initially doped B ( ∼ 10 cm−3) concentration in HD-Ge_2 
was above the reported solubility limit (2 × 1018 cm−3), 
poly-crystallinity did not occur, which is normally caused 
due to dopant oversaturation resulting in constitutional 
supercooling at the crystal–melt interface (for B in Ge, 
k0 ∼ 6).10,11 Due to the higher concentration of Ga along 
the entire length of HD-Ge_2, the effect of B in the elec-
trical properties of the ingot is suppressed. One would 
expect both chemical analytical methods  to yield similar 
results with a negligible difference. On the contrary, AAS 
measured a higher dopant concentration compared to ICP-
OES and Hall measurements in the ingot HD-Ge_2. This 
is assumed to be because of the tailing of the peaks of 
70Ge and 71Ga with the isotopes of Ga (69Ga, and 71Ga) 
while carrying out ICP-OES.23 The dopant concentrations 
measured by µ-XRF were a magnitude lower than the other 
investigated methods. However, at higher impurity con-
centrations, µ-XRF measurements followed the Scheil 
distribution of dopants (Fig. 10b) and match well with 
the calculated concentration values from the 4-point probe 
measurement. The resistivity profile from the obtained 
4-point probe measurements on ingot HD-Ge_3 corre-
sponds to dopant concentrations between 3 × 1018 and 4 
× 1019 atoms/cm3 (Fig. 10b). The µ-XRF technique could 
be efficient for characterizing highly doped bulk crystals. 
In future, standard reference samples with known dop-
ing concentrations could be used for cross-reference and 
to enable a robust and reliable “standard-based” µ-XRF 
quantification routine.

In efforts to estimate the "actual" experimental effec-
tive segregation coefficients (keff[exp.]) from the growth 
experiments carried out in this work (see Fig. 11), the 
following equation has been used,11,24

where Cs and C0 are the concentration of dopants in the 
crystal and the initial concentration of dopants in the melt, 
respectively, and Fs is the solidified fraction of the melt. A 
large difference in the keff[exp.] for B in the HD-Ge_2 com-
pared to its keff[calc.] and k0(lit.) was observed (Fig, 11b).

The keff[exp.] of B in HD-Ge_2 was much lower than 
the keff[calc.] and the k0(lit.). This contrast in the segrega-
tion coefficients is assumed to be mainly due to the higher 
concentration of B in the initial Ge melt (C0 ≈ 1019 at/cm3) 
compared to its solubility limit of B in Ge ( ∼ 2 × 1018 at/
cm3).10,11 This reduction in the B incorporation might also 
be due to its deviation from the vacancy-mediated dif-
fusion mechanism in Ge.25 The diffusion of B in Ge is 
reported to be much less than that of Ge self-diffusion. The 
main mediator of the diffusion process in Ge are the vacan-
cies, as the formation energy of interstitials in Ge is much 
higher, as in the case of B. This suggests that the diffusion 
of B may be limited due to the movement of interstitials.25 
Further, the work carried out by Yonenaga11 suggested 
the involvement of an electronic effect in the segregation 
of B in Ge. On the other hand, for the Ga distribution, 
a slightly higher experimental keff[exp.] was observed in 
the co-doped (HD-Ge_2) ingot. The sharp increase in the 
keff[exp.] of the Ga in HD-Ge _2 in Fig. 11a reflects the 

C
s
= C

0
keff

(

1 − Fs

)(keff −1)

Fig. 10.   (a) Measured concentrations of dopants (Ga and B) in 
HD-Ge_2 by AAS, ICP-OES, SIMS, and Hall measurements versus 
the distribution of dopants using k0 from the literature (Scheil distri-

bution) and keff[calc.] represented in a log scale, (b) measured dopant 
distribution ingot HD-Ge_3 versus theoretically calculated dopant 
distribution represented in a log scale.
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Ga distribution shown in Figs. 9a and 10a. At about 0.5 
Fs (in HD-Ge_2) a sharp increase followed by a decrease 
in the incorporation of dopants is indicated by the meas-
ured resistivity profile (as seen in Fig. 9a). A compara-
ble distribution of Ga in HD-Ge_2 was also measured by 
SIMS (see Fig. 10a). Although the keff[exp.] of Ga along 
the crystal length of HD-Ge_2 depicts a non-uniform char-
acteristic, the maximum estimated values were approxi-
mately 2 times the keff[calc.] value of Ga in HD-Ge_2. 
However, a similar trend was not observed in the Ga-doped 
HD-Ge_3 ingot (Fig. 11a). Among the possible reasons 
for the observed increase in Ga segregation in HD-Ge_2, 
which include the crystal–melt interface properties, and 
variations in the melt convection, the effect of B-Ga inter-
action is appealing. Further investigations are ongoing to 
understand this in detail. Previous literature reports indi-
cate a small increase in the segregation coefficient of Ga 
in Cz-Si when co-doped with B and Ga. Interestingly, the 
lower segregation coefficient of B, which was observed 
in the B-Ga co-doped CZ-Si, was also attributed to the 
interaction of B and Ga.26

Hall measurements were also carried out to determine 
the active carrier concentrations in the doped ingot (Fig, 
12). The Hall concentrations measured in HD-Ge_2 were in 
agreement with the Ga distribution measured in the ingot. 
However, there still exists uncertainty in the data obtained 
from ICP-OES and µ-XRF. Furthermore, post-treatment pro-
cesses such as annealing could determine if the incorporated 
dopants can be further activated as opposed to the active car-
rier concentration measured before annealing (Fig. 12). The 
concentrations obtained by Hall measurements suggested 
that the incorporation of dopants in the crystal followed the 
Scheil-like segregation trend of Ga in Ge.

Conclusions

Three doped Ge ingots with different doping levels were 
grown using the Cz method. Maximum dopant concentra-
tions of up to 5 × 1019 cm−3 were achieved in the mono-
crystalline bulk material. High single crystallinity with 
XRD-RC FWHM of 9 arcsecs has been observed in ingots 
with initial doping concentrations up to 1019 cm−3. The 
overall etch pit counts measured in the grown ingots did 
not show an increase with increasing dopant concentra-
tions. Nevertheless, it has been observed that the num-
ber of dislocation clusters increases with higher impurity 

Fig. 11.   Experimentally determined effective segregation coefficients of Ga and B in Ge crystals: (a) for Ga in HD-Ge_2 and HD-Ge_3, and (b) 
for B in a co-doped crystal, HD-Ge_2.
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concentrations. Furthermore, the presence of a larger num-
ber of SAGBs was suggested by the XRD-RC FWHM from 
HD-Ge_3, which increased with increasing dopant con-
centration. The aim of co-doping B-and Ga in Ge to obtain 
a uniform high doping concentration along the entire crys-
tal length could not be achieved, and would need to be 
tried with further experiments/approaches. The effect of 
B in the co-doped crystal was not reflected in the resistiv-
ity and chemical characterization, as the concentration of 
Ga along the entire crystal length was higher than that of 
B. The experimentally obtained values for the effective 
segregation coefficient, keff[expt.], of Ga is in good agree-
ment with the literature values. In all the grown crystals, 
the incorporation of the Ga dopant followed the Scheil 
predicted distribution. Further understanding of the defect 
formation and adopting defect cum dopant engineering 
techniques is crucial to produce highly doped Ge ingots.
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