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ABSTRACT  

The in-situ Ga doping technique was used to form heavily p-type doped germanium-tin (Ge1-

xSnx) layers by molecular beam epitaxy (MBE), avoiding issues such as Sn precipitation and surface 

segregation at high annealing temperatures that are associated with the alternative implant and anneal 

approach. In this way, an electrically active Ga concentration of up to ~3.2×10
20

 cm
-3

 can be 

realized for Ge1-xSnx. The impacts of varying the Ga concentration on the crystalline quality and the 

mobility of p-type Ge1-xSnx were investigated. High crystalline quality Ge0.915Sn0.085 can be realized 

with active Ga concentration of up to ~1.2×10
20

 cm
-3

. More than 98% of the Sn atoms are located on 

substitutional lattice sites, although the substitutionality of Sn in p-type Ge1-xSnx decreases with 

increasing Ga concentration. When the Ga concentration introduced is higher than 3.2×10
20

 cm
-3

, 

excess Ga atoms cannot be substitutionally incorporated, and segregation of Ga and Sn towards the 

surface during growth is observed. The in-situ Ga-doped Ge0.915Sn0.085 epitaxy was integrated in a         

Ge0.915Sn0.085-on-Si PIN photodiode fabrication process, and well-behaved Ge0.915Sn0.085/Si PIN 

junction characteristics were obtained. A large forward-bias current to reverse bias current ratio of 

6×10
4 
and a low reverse current (dark current) of 0.24 μA was achieved at Vbias = -1 V.  

 

 

Index Terms: Germanium-Tin, in-situ Ga doping, PIN photodiodes, MBE. 
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I. INTRODUCTION 

Germanium-Tin (Ge1-xSnx) alloy has attracted strong research interests, due to its potential 

application in field-effect transistors and in optoelectronic devices. It can be used as an alternative 

channel material for future CMOS, due to its higher electron and hole mobilities than that of Si or 

Ge.
1-4

 It can also be used as an absorption material for infrared detection.
5-10

 In addition, recent 

theoretical calculation and experimental measurements showed that the indirect-to-direct bandgap 

transition for Ge1-xSnx alloys occurs at a Sn composition of around 6% – 11%,
11-15

 making it a 

possible candidate as the gain medium 
16,17 

in lasers based on Group IV materials.   

With the development of non-equilibrium growth techniques such as molecular beam epitaxy 

(MBE) and chemical vapor deposition (CVD), Ge1-xSnx alloys with x up to 0.34 can be realized.
18-23

 

However, Ge1-xSnx film with high Sn content is not stable under certain thermal annealing 

conditions,
24,25

 which poses a challenge for device fabrication. Low thermal budget is thus required 

in subsequent device fabrication steps, such as junction formation and surface passivation. In 

contrast to Si or Ge, dopant characteristics in Ge1-xSnx have received limited attention.  

Boron is often used as a p-type dopant in Ge. After boron implantation, electrically active 

concentrations of 2 – 5.7×10
20

 cm
-3

 were demonstrated through solid-phase epitaxial regrowth 

(SPER).
26-28

 We reported that after implantation of boron difluoride BF2
+
 into Ge1-xSnx with              

x ≤ 0.053, boron can be activated during a 400 °C SPER.
29

 However, the crystallinity of the Ge1-xSnx 

was not investigated. Ga is another p-type dopant in Ge, with the equilibrium solubility as high as 

4.9×10
20

 cm
-3

 in bulk Ge.
30

 Realization of heavily Ga doped Ge was reported with hole densities up 

to 1.4×10
21

 cm
-3

.
31,32

 An electrically active concentration of 5.5×10
19

 cm
-3

 was also reported in    

Ge1-xSnx by in-situ Ga doping technique.
33

  

In this paper, in-situ Ga doping during the epitaxial growth was developed to form p-type Ge1-

xSnx, avoiding crystal damages caused by the implant and anneal approach.  The dependence of 

crystallinity and mobility of the Ga-doped Ge1-xSnx layer on the Ga concentrations were investigated. 
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In addition, Ge1-xSnx on Si PIN photodiodes (PDs) were fabricated based on the in-situ doping 

technique, with process temperatures lower than 250 °C. 

 

II. EXPERIMENTAL DETAILS  

A. Formation and Characterization of P-type Ge1-xSnx    

The Ge1-xSnx samples were grown on Ge(001) substrates by a solid-source MBE system with 

a base pressure of 3×10
-10

 Torr at the National University of Singapore (NUS). After pre-epitaxy 

cleaning by dilute hydrofluoric acid (DHF) (HF:H2O = 1:50), the wafers were baked at 630 °C for 5 

minutes in the MBE chamber to remove the  native oxide.  The substrate temperature was then 

reduced to 150 °C for the Ge1-xSnx growth.  Ge, Sn, and Ga were all evaporated by using pyrolytic 

boron nitride (PBN) Knudsen cells. The deposition rates of Ge, Sn, and Ga can be adjusted by tuning 

the temperatures of the effusion cells.  During growth, the Ge deposition rate was fixed, while those 

of Sn and Ga were adjusted according to the desired composition. To exclude the effect due to strain 

relaxation, the thicknesses (~40-70 nm) of Ge1-xSnx layers are kept below critical thickness 
23

. 

Some Ge1-xSnx samples that were undoped during MBE received BF2
+
 implantation with an 

energy of 20 keV and a dosage of 1 × 10
15

 cm
-2

. The implanted samples were then cut into small 

pieces (~1 × 1 cm
2
) for an anneal study, where rapid thermal annealing (RTA) was performed at 

various temperatures from 400 – 600 °C near atmospheric pressure in a nitrogen gas ambient.  

High resolution x-ray diffraction (HRXRD) and Rutherford backscattering spectrometry 

(RBS) were used to examine the composition and crystalline quality of the Ge1-xSnx layer. 

Transmission electron microscopy (TEM) was employed to investigate the layer structure, and 

tapping mode atomic force microscopy (AFM) was used to analyze the surface morphologies of the 

Ge1-xSnx films. Secondary ion mass spectrometry (SIMS) was used to extract the total Ga 

concentration and infrared ellipsometry was used to evaluate the resistivity and carrier concentration 

of the Ge1-xSnx layers. 
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B. Fabrication of Ge1-xSnx/Si PIN Photodiodes  

The Ge0.915Sn0.085 sample used for photodiodes fabrication was grown on a commercially 

available Ge/Si virtual substrate with a customized n
+
-doped Si layer (~1000 nm) and undoped Ge 

buffer (~350 nm). The threading dislocation density in the Ge buffer is of the order of 10
8 cm

-2
. After 

the growth of 80 nm undoped Ge0.915Sn0.085 and 40 nm in-situ Ga doped (~2.1×10
20

 cm
-3

) 

Ge0.915Sn0.085 by MBE, chlorine-based reactive-ion etching (RIE) was performed to define circular 

mesas with various diameters. An (NH4)2S (24%) aqueous solution was used to passivate the surface 

of Ge0.915Sn0.085 and Ge at room temperature. ~350 nm SiO2 layer was deposited by plasma-enhanced 

chemical vapor deposition (PECVD) for antireflection and isolation. After that, the contact region 

was opened by dry etch followed by wet etch (DHF) to avoid over-etch of the p
+
 Ge0.915Sn0.085 layer. 

Finally, 400 nm-thick aluminium (Al) was deposited by magnetron sputtering system, and then 

patterned and etched to form the top and bottom electrodes of the Ge0.915Sn0.085/Si PDs.  

 

III. RESULTS AND DISCUSSIONS 

A. BF2
+ 

Implantation and Activation during SPER 

Although boron can be activated in BF2
+
-implanted Ge1-xSnx by a 400 °C SPER,

29
 the 

restoration of the lattice order that was partially destroyed during implantation may require a higher 

thermal budget than that for dopant activation.
34

 The Ge1-xSnx samples were annealed at                 

400 – 600 °C for 5 minutes after BF2
+
 implantation.  

Figure 1(a) shows the HRXRD curves of the annealed Ge0.975Sn0.025 samples. After 500 °C 

annealing, well-defined Ge0.975Sn0.025 peak and clear thickness fringes can be observed, similar to 

those of as-grown sample. This suggests that the damage due to the BF2
+
 implant in Ge0.975Sn0.025 can 

be repaired after annealing at 500 °C. With the annealing temperature further increased to 600 °C, 

the Ge1-xSnx peak shifts to the right, indicating loss of Sn in the Ge1-xSnx layer, due to Sn 

precipitation or surface segregation.  
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For Ge0.92Sn0.08, the HRXRD curves of the annealed samples are shown in Figure 1(b). After 

the 400 °C anneal, although the Ge0.92Sn0.08 peak can be observed, it is broader than that of the       

as-grown sample. This suggests that high crystalline quality p-type Ge0.92Sn0.08 cannot be formed 

through SPER at 400 °C. With the annealing temperature increased to 500 °C, a shoulder between 

Ge0.92Sn0.08 and Ge peaks appears in the XRD scan, and some islands appear on the surface. These 

results indicate that Sn surface segregation occurs during the 500 °C SPER.
24

 A lower thermal 

budget is expected to avoid the Sn precipitation and surface segregation in the Ge1-xSnx layer with 

higher Sn composition. It was reported that for Ge1-xSnx with x of 0.17, Sn precipitation occurs at 

280 °C, which may be even lower than that needed for dopant activation.
35 

Thus, the implant and 

thermal anneal approach may not be suitable for realizing high-quality p-type Ge1-xSnx with x ≥ 0.08.  

 

B. In-situ Ga Doped Ge1-xSnx by MBE 

The deposition temperature of in-situ Ga doped Ge1-xSnx layer was kept low (150 °C) in order 

to incorporate Sn and Ga into the Ge lattice without Sn precipitation or agglomeration. During MBE 

growth, the Ge and Sn cell temperatures were fixed so that Ge0.915Sn0.085 would be grown. The Ga 

cell temperature TGa-cell was tuned from 540 to 820 °C to realize various Ga doping concentrations.  

SIMS was used to determine the total Ga concentration with various TGa-cell. Figure 2 shows 

the SIMS depth profiles of Ga and Sn with various TGa-cell. One intrinsic Ge0.915Sn0.085 sample was 

used as a standard for Sn quantification by SIMS. The Sn concentration was first measured by RBS 

and XRD, and the relative sensitivity factor was extracted and used for determination of Sn content 

in the Ga doped Ge0.915Sn0.085 samples. For TGa-cell of up to 740 °C, the Ga and Sn concentrations are 

uniform in the Ge0.915Sn0.085 layers. At TGa-cell = 740 °C, the corresponding Ga concentration is 

~2.1×10
20

 cm
-3

. However, when TGa-cell is increased to 820 °C, the Ga concentration is higher than 

5.6×10
20

 cm
-3

,
 
and the Ga concentration profile becomes non-uniform, increasing towards the surface. 

It can be found that the Sn profile also becomes non-uniform for TGa-cell of 820 °C [Fig. 2(b)], with 
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the Sn composition in the Ge1-xSnx layer dropping from ~8.5% to 3%. This result suggests significant 

interaction between the Ga and Sn atoms as the Ga concentration is higher than about 5.6×10
20

 cm
-3

. 

When the introduced Ga concentration exceeds the equilibrium solubility of Ga in bulk Ge 

(~4.9×10
20

 cm
-3

), excess Ga atoms may interact with Sn atoms, leading to diffusion of Ga and Sn 

atoms towards the surface during growth. 

HRXRD was used to investigate the crystalline quality of the in-situ Ga-doped Ge1-xSnx layer 

with various Ga concentrations. Figure 3 shows the HRXRD curves of the Ge1-xSnx samples with 

various TGa-cell or Ga concentrations. Well-defined Ge0.915Sn0.085 peak and clear thickness fringes can 

be seen for TGa-cell of up to 740 °C or for Ga concentration up to 2.1×10
20

 cm
-3

. The total Ga 

concentrations in the Ge0.915Sn0.085 samples grown using TGa-cell of 540, 640, and 740 °C are 8.0×10
17

, 

1.5×10
19

, and 2.1×10
20 

cm
-3

, respectively, corresponding to Ga content of 0.002%, 0.034%, and 

0.471%, respectively. The atomic radii of Ge, Ga, and Sn are 0.125, 0.130, and 0.145 nm, 

respectively.
36

 Therefore, for TGa-cell of 740 °C and below, the contribution of Ga atoms to the lattice 

constant of a Ge0.915Sn0.085 layer is small because both the Ga concentration and the difference 

between the atomic radii of Ga and Ge are sufficiently small compared with the concentration and 

radius of Sn. No obvious shift of the Ge0.915Sn0.085 peak can be observed for Ga concentration up to 

2.1×10
20

 cm
-3

 (Fig. 4).  

Figure 4(a) shows the cross-sectional TEM image of the Ge0.915Sn0.085 sample with Ga 

concentration of 2.1×10
20

 cm
-3

. No dislocations or Sn clusters can be observed. High resolution TEM 

images [Figs. 4(b) and 4(c)] depict an atomically smooth or flat top surface and a good 

Ge0.915Sn0.085/Ge interface. The AFM images (10 µm × 10 µm) of the Ge1-xSnx samples with various 

Ga concentrations are shown in Fig. 5. Smooth surfaces can be observed for Ga concentrations of up 

to 2.1×10
20

 cm
-3

, with a root-mean-square (RMS) roughness of less than 0.50 nm (~0.17 nm for Ge 

substrates). These results demonstrate that high crystalline quality p-type Ge0.915Sn0.085 can be 

realized with Ga concentration up to 2.1×10
20

 cm
-3

. 
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However, when the Ga concentration is increased to above 5.6×10
20

 cm
-3

, corresponding to a 

Ga content of 1.260%, the Ge1-xSnx peak shifts towards the Ge substrate peak (see Fig. 3) and the Sn 

content decreases. The Ge1-xSnx peak shift is also accompanied by broadening of the peak and 

disappearance of the thickness fringes, indicating degradation of crystalline quality. The surface 

becomes rougher, with the RMS roughness increased to 8.77 nm (Fig. 5). Islands appears on the 

surface with a diameter of ~300 nm and a height of ~30 nm (relative to the surface), which should 

arise from the Ga and Sn segregation to the surface during growth.  

The impacts on the crystalline quality and the substitutionality of Sn in Ge1-xSnx arising from 

the change in the doped Ga concentration were also examined by RBS random and channelled 

spectrum. Typical RBS spectra with random and channelled alignments of the Ge1-xSnx alloys with 

Ga concentration of 2.1×10
20

 cm
-3

 and above 5.6×10
20

 cm
-3

 are shown in Fig. 6. Samples were 

mounted onto a precision 4-axis goniometer within the scattering chamber maintained at <5×10
-6

 

mbar.  A collimated beam of 2 MeV He
+
 ions generated using the 3.5 MV Singletron accelerator at 

the Centre for Ion Beam Applications (CIBA) 
37

 was incident onto the samples.  Ions backscattered 

at 116º were measured by a passivated implanted planar silicon (PIPS) detector, initially with the 

incident beam aligned with the <100> axis and subsequently close-to-random direction a few degrees 

off the <100> axis.   

From the random spectra, the total Sn depth profile was determined using the SIMNRA 

simulation code,
38

 and found to be flat at ~8.2% for Ga concentration of up to 2.1×10
20

 cm
-3

, 

consistent with the XRD and SIMS results.  The crystalline quality can be assessed by the minimum 

yield χmin, which is the ratio of the backscattered He
+
 integrated intensity in channelled alignment, to 

the random integrated intensity in the same region. As outermost atoms are always visible to the 

beam, the surface peaks in the channeled curves exist. The χmin was extracted at a region just below 

the surface peak. The χmin closely correlates with crystalline quality.
39

 The measured χmin values of 

Ge increased from 4.4% to 4.9%, with the Ga concentration increased from 8.0×10
17 

to above 
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5.6×10
20

 cm
-3

. The χmin values of Ge were close to that obtained from bulk Ge (3.9%), which 

indicates excellent crystalline quality of the     Ge1-xSnx films below surface. The χmin of Sn increased 

from 4.6% to 6.5%, which is only slightly higher than that of Ge indicating a high amount of 

substitutionality of Sn in the host Ge lattice. The percentage (S) Sn atoms located on substitutional 

lattice sites was calculated using the equation 
39

 

                                                  %100
)1(

)1(

/min

/min











Gehost

Snimpurity
S




.                                               (1) 

For all samples, more than 98% of the Sn was substitutional. As the Ga composition increased, the 

value of χmin increased, and the values of S tended to decrease, which may be due to the interaction 

between Ga and Sn atoms, or due to the crystal defects. 

Spectroscopic ellipsometry measurements were carried out to evaluate the resistivity and 

carrier concentration of the in-situ Ga doped Ge1-xSnx samples. The measurements were performed at 

two angles of incidence (65° and 75°). The Ge1-xSnx samples were modelled as a three layer system 

consisting of a Ge substrate, a Ge1-xSnx film layer, and a surface layer. The dielectric function of Ge 

substrate was measured separately and used in tabulated form. The surface layer was modelled as a 

thin film consisting of 50% Ge1-xSnx and 50% voids in the Bruggeman approximation.
40

 The 

dielectric function of the Ge1-xSnx alloy was described using an optical dispersion model, which 

accounts for intervalence band absorption in addition to free carrier absorption.
41

 The infrared 

dielectric function of Ge1-xSnx alloys with various Ga doping concentrations is shown in Fig. 7. As 

indicated by ε2, the free carrier absorption represented by a Drude oscillator increases with increase 

in Ga concentration in the alloys. The Drude model gives the electrical resistivity (ρ) and the carrier 

relaxation time (τ).
41,42

  

The resistivity of the Ge1-xSnx samples with various Ga concentrations was also measured by 

micro four-point probe method, and the results are very close to that obtained by spectroscopic 

ellipsometry as shown in Fig. 8. The resistivity ρ is expressed as  
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


ne

1
 ,

*m

e
  ,                                                            (2) 

where n is the carrier concentration, µ is the carrier mobility and m
* 

is the carrier effective mass in 

the Ge1-xSnx film. Thus the doping level can be obtained if independent measurements of m
*
 are 

available. Based on the simulation results,
43,44

 we assumed that the effective mass of the alloy is m
* 
=

 

(0.20±0.01)m0 for all the Ga doped Ge1-xSnx samples, then the carrier concentration in the samples 

can be extracted (Fig. 7). The electrically active Ga concentrations in the Ge0.915Sn0.085 samples 

grown using TGa-cell of 540, 640, and 740, and 820 °C are (7.4±0.3)×10
17

, (1.3±0.1)×10
19

, 

(1.2±0.1)×10
20 

and (3.2±0.2)×10
20

 cm
-3

, respectively. For the Ge1-xSnx sample with Ga concentration 

higher than 5.6×10
20

 cm
-3

, the electrically active Ga concentration is (3.2±0.2)×10
20

 cm
-3

, excess Ga 

atoms cannot be incorporated, and segregate towards the surface. Figure 9 shows the electrical 

resistivity of p-type Ge1-xSnx alloys as a function of the carrier concentration. The results for bulk Ge, 

in-situ boron-doped Ge1-xSnx by CVD, and in-situ Ga-doped Ge1-xSnx by MBE are also 

included.
33,41,45,46

 The resistivity values of Ge1-xSnx samples follow the trend, but are slightly higher 

than those of p-type Ge bulk materials. These results suggest degradation of mobility in p-type Ge1-

xSnx alloys, which is likely due to alloy scattering in the Ge-Sn system, or due to the crystal defects. 

With the p-type concentration increased to ~10
20

 cm
-3 

or above, the ionized impurity scattering 

becomes severe, and the resistivity of Ge1-xSnx alloys becomes similar to that of Ge bulk materials. 

 

C. Ge1-xSnx/Si PIN Photodiode 

To realize high-performance semiconductor devices, such as transistors, photodiodes (PDs), 

or lasers, low resistivity and low leakage Ge1-xSnx junctions are indispensable. Ge1-xSnx on Si PIN 

PDs were fabricated based on the in-situ Ga doping technique. Figure 10(a) shows the cross-

sectional schematic of the fabricated Ge0.915Sn0.085/Si PIN photodiode.  Figure 10(b) shows top view 

scanning electron microscopy (SEM) image of a Ge0.915Sn0.085/Si PIN photodiode having a mesa 

diameter (D) of 30 µm. The temperatures of all the process steps are kept below 250 °C. Figure 11(a) 
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is the HRXRD scan of the as-grown Ge0.915Sn0.085 sample around the (004). Three separate peaks 

corresponding to Si substrate, Ge buffer, and Ge0.95Sn0.05 epitaxial film (from right to left) can be 

identified. The Ge0.915Sn0.085 film is fully strained to the Ge buffer under a biaxial compressive strain 

of ~1%. AFM image [Fig. 11(b)] shows that the RMS roughness of the sample was 1.73 nm (~1.6 

nm before Ge0.915Sn0.085 growth). The current-voltage (I-V) characteristic of a Ge0.915Sn0.085/Si PIN 

photodiode is shown in Fig. 12(a). The diameter of the device (D) is 30 µm. A well-behaved 

Ge0.915Sn0.085/Si PIN junction was formed with a 6×10
4 
on/off ratio and a low reverse current (dark 

current) of 0.24 μA at Vbias = -1 V. The dark current density is 0.034 A/cm
2
 at Vbias = -1 V, which is 

the lowest value that has been reported for Ge1-xSnx/Si PIN photodiodes.
47

 This indicates the 

effectiveness of the in-situ Ga doping technique by MBE and the high quality of the materials grown. 

In order to gain additional insight into the dark current, an activation energy analysis of the 

Ge0.915Sn0.085/Si photodiode (D = 30 μm) has been performed. The Idark can be modeled using 

                                                            )1(
2//2/3 

 kTqVkTE

dark
aa eeBTI                                                 (3) 

where B is a constant, T is the temperature, Ea is the activation energy and Va is the applied voltage. 

Fig. 12(b) shows the logarithm of the measured dark current ln(Idark/T
3/2

) as a function of 1/kT for the 

photodiode biased at -1 V. The extracted Ea is 0.25 eV, which is around half of the bandgap (Eg) of 

the strained Ge0.915Sn0.085 on Ge (Eg = 0.52 eV).
48

 A high density of threading dislocations through 

the Ge buffer and Ge0.915Sn0.085 epitaxial layer is expected due to the large lattice mismatch between 

Ge and Si.
10,47

 Therefore, the obtained Ea of the photodiode should be associated with the threading 

dislocations at the bulk region.
49,50

 Further investigation is needed to clarify the impact of threading 

dislocation on the dark current in Ge1-xSnx photodiodes. 

The photoresponse characteristics of the Ge0.915Sn0.085/Si PIN photodiode were studied. The 

light source comprises one tunable laser with the λ from 1510 to 1630 nm, and three separate 

distributed feedback (DFB) laser diodes at 1742, 1877, and 2003 nm. The total current Itotal-Vbias 

characteristic of the Ge0.915Sn0.085/Si PIN photodiode (D = 30 μm) under illumination is shown in Fig. 

http://dx.doi.org/10.1063/1.4947116


12 

 

12(a). The incident light power is fixed at 0.25 mW. Obvious optical response of the Ge0.915Sn0.085/Si 

PIN photodiode to the light signals beyond 2 μm is observed, even at zero bias. When λ is smaller 

than 1600 nm, parts of the Iphoto comes from the buffer layer since Ge also absorbs photons within 

this wavelength range. For λ > 1600 nm, the absorption coefficient of Ge is small even with tensile 

strain, and the Iphoto should mainly come from the Ge0.915Sn0.085 layer.  

 

IV. CONCLUSION 

Heavily p-type doped Ge1-xSnx was realized by in-situ Ga doping at low molecular beam 

epitaxy temperature of 150 °C. An active doping concentration as high as ~3.2×10
20

 cm
-3

 was 

achieved. The dependence of crystallinity and mobility on the active Ga concentrations was 

investigated. High crystalline quality p-type Ge0.915Sn0.085 can be realized for active Ga concentration 

of up to ~1.2×10
20

 cm
-3

. The S for substitutional Sn on lattice sites is higher than 98% in all p-type 

Ge1-xSnx samples, although it decreases as the Ga concentration increases. When the Ga 

concentration introduced is higher than ~3.2×10
20

 cm
-3

, extra Ga atoms cannot be substitutionally 

incorporated and segregate towards the surface, accompanied by reduced Sn content in the GeSn 

layer as well as a degraded crystalline quality. By integrating p-type Ge0.915Sn0.085 with active Ga 

doping of ~1.2×10
20

 cm
-3

 in a Ge0.915Sn0.085-on-Si PIN photodiode fabrication flow, a well-behaved 

PIN junction was formed with a forward-bias current to reverse-bias current ratio of 6×10
4 
and a low 

reverse current (dark current) of 0.24 μA at Vbias = -1 V.  This indicates the effectiveness of the       

in-situ Ga doping technique by MBE and the high quality of the materials grown.  
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List of Figures and Captions 

 

Figure 1 (004) HRXRD curves of BF2
+
 implanted (a) Ge0.975Sn0.025 and (b) Ge0.92Sn0.08 films 

after RTA at various temperatures for 5 minutes. For Ge0.92Sn0.08 film, anneal cannot 

recover the crystallinity to the as-grown level. 

Figure 2 SIMS depth profiles of (a) Ga and (b) Sn for the Ge1-xSnx films grown at fixed Ge and 

Sn cell temperatures to realize a nominal x of 0.085, and with the Ga cell temperature  

TGa-cell varied to realize various in-situ Ga doping concentrations.  

Figure 3 (004) HRXRD curves of the Ge1-xSnx samples with various Ga cell temperatures    

TGa-cell or in-situ Ga doping concentrations. The Ge and Sn cell temperatures were 

fixed so that the nominal x is 0.085. Ge1-xSnx samples with x = 0.085 and high 

crystalline quality can be achieved for TGa-cell of up to 740 C or for Ga concentration 

of up to 2.1×10
20

 cm
-3

. 

Figure 4 (a) Cross-sectional TEM image of the Ge0.915Sn0.085 film with Ga concentration of 

2.1×10
20

 cm
-3

, achieved with TGa-cell of 740 C.  HRTEM image of (b) surface region 

and (c) interface region between Ge0.915Sn0.085 and Ge. 

Figure 5 AFM images of the Ge1-xSnx samples with Ga concentration of (a) 8.0×10
17

 cm
-3

, (b) 

1.5×10
19

 cm
-3

, (c) 2.1×10
20

 cm
-3 

and (d) >5.6×10
20

 cm
-3

. Smooth p Ge1-xSnx can be 

achieved for Ga concentration of up to 2.1×10
20

 cm
-3

. 

Figure 6 Random and aligned RBS spectra of the Ge1-xSnx samples with Ga concentration of (a) 

2.1×10
20

 cm
-3 

and (b) >5.6×10
20

 cm
-3 

.  

Figure 7 (a) Real and (b) imaginary parts of the infrared dielectric function of the Ge0.915Sn0.085 

films with various Ga concentrations. The curves reveal strong free-carrier response. 

Figure 8 The resistivity of the Ge0.915Sn0.085 films with various in-situ Ga doping concentration 

as measured by micro four-point probe and infrared ellipsometry. 

Figure 9 Electrical resistivity of p-type Ge1-xSnx alloys as a function of electrically active 

doping concentration. 
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Figure 10 (a) Cross-sectional schematic of the Ge0.915Sn0.085/Si PIN photodiode having an in-situ 

Ga doped p
+
 Ge0.915Sn0.085 region. (b) Top view SEM image of a PIN photodiode 

having a diameter of 30 μm.  

Figure 11 (a) (004) HRXRD rocking curve of the p-type Ge0.915Sn0.085 on Ge/Si virtual substrate. 

(b) AFM image on the p
+
 Ge0.915Sn0.085 surface. 

Figure 12 (a) I-V characteristics with and without illumination of the Ge0.915Sn0.085/Si PIN 

photodiode. The light wavelength λ ranges from 1550 to 2003 nm. The arrow 

indicates the direction of increasing λ. The incident light power is fixed at 0.25 mW. 

(b) Plot of ln(Idark/T
3/2

) vs. 1/kT for the photodiode at -1 V. The extracted Ea of the 

photodiode is 0.25 eV. 

 

 

 

http://dx.doi.org/10.1063/1.4947116


18 

 

64 65 66 67

500 
o
C

400 
o
C 

 

 

2 (degree)

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)

As-grown

 

 

64.5 65.0 65.5 66.0 66.5

2 (degree)

X
R

D
 I

n
te

n
si

ty
 (

a
.u

.)
 

 

 

 

600 
o
C 

500 
o
C 

400 
o
C 

As-grown

Ge0.975Sn0.025

Ge0.92Sn0.08

(a)

(b)

 
 

FIG. 1. Wang et al. 

http://dx.doi.org/10.1063/1.4947116


19 

 

0 50 100 150

10
18

10
20

10
22

10
24  540 

o
C (8.0×10

17
 cm

-3
)

 640 
o
C (1.5×10

19
 cm

-3
)

 740 
o
C (2.1×10

20
 cm

-3
)

 820 
o
C (>5.6×10

20
 cm

-3
)

G
a
 c

o
n

ce
n

tr
a

ti
o

n
 (

cm
-3

)

Depth (nm)

Temperature of Ga cell

 

0 50 100 150
10

-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

S
n

 c
o

m
p

o
si

ti
o

n
 (

%
) 

Depth (nm)

 540 
o
C 

 640 
o
C 

 740 
o
C 

 820 
o
C 

Temperature of Ga cell

(a)

(b)

  

            FIG. 2. Wang et al. 
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