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ABSTRACT

GeSnC alloys offer a route to direct bandgap semiconductors for CMOS-compatible lasers, but the use of CBr4 as a carbon source was
shown to reduce Sn incorporation by 83%–92%. We report on the role of thermally cracked H in increasing Sn incorporation by 6x–9.5x,
restoring up to 71% of the lost Sn, and attribute this increase to removal of Br from the growth surface as HBr prior to formation of volatile
groups such as SnBr4. Furthermore, as the H flux is increased, Rutherford backscattering spectroscopy reveals a monotonic increase in both
Sn and carbon incorporation. X-ray diffraction reveals tensile-strained films that are pseudomorphic with the substrate. Raman spectroscopy
suggests substitutional C incorporation; both x-ray photoelectron spectroscopy and Raman suggest a lack of graphitic carbon or its other
phases. For the lowest growth temperatures, scanning transmission electron microscopy reveals nanovoids that may account for the low Sn
substitutional fraction in those layers. Conversely, the sample grown at high temperatures displayed abrupt interfaces, notably devoid of any
voids, tin, or carbon-rich clusters. Finally, the surface roughness decreases with increasing growth temperature. These results show that
atomic hydrogen provides a highly promising route to increase both Sn and C to achieve a strongly direct bandgap for optical gain and
active silicon photonics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173429

I. INTRODUCTION

Direct integration of an efficient Group-IV laser with silicon
remains an unachieved objective for unlocking the full potential of
silicon photonics technology. Indirect bandgaps of Group-IV semi-
conductors limit the radiative recombination rates, leading to low
quantum efficiency and demanding high threshold current.
Interestingly, the small energy difference (136 meV)1 between the
direct (Γ-symmetry) and indirect (L-symmetry) conduction band
valley in Ge can be overcome by tensile strain or alloying with tin

(Sn) and/or carbon (C), potentially paving a path to achieving effi-
cient light emission. Electrically pumped Ge lasers on Si, with tensile
strain from the thermal expansion mismatch, have been demon-
strated at room temperature, but high threshold current densities
(280 kA/cm2) preclude photonic applications.2 Devices such as pho-
todetectors, modulators, and light-emitting diodes (LEDs) based on
GeSn-based binary alloy have been demonstrated,3,4 but electrically
injected GeSn lasers only operate at cryogenic temperatures, pulsed,
and/or very high thresholds.5 Another binary alloy, dilute Ge1−yCy

with y≈ 0.01 has been predicted to have a strong direct bandgap
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with strong optical transitions.6,7 However, typical crystal growth
techniques (arc-plasma) and carbon precursors (graphite cathode)
have resulted in unwanted graphitic (sp2) or other carbon defects,8

partly because non-substitutional C is energetically favorable over
the desired tetrahedrally bonded incorporation into the crystal.9

The ternary alloy GeSnC is anticipated to offer superior
growth benefits when compared to its binary counterparts, GeSn
and GeC. Additionally, the Vienna Ab initio Simulation Package
(VASP), based on density functional theory (DFT), found that the
bandgap of GeSnC relies on its nearest-neighbor arrangement. In a
128-atom supercell, with 1 Sn and 1 C atom (0.78% each), the
direct bandgap ranges from 0.486 to 0.401 eV, depending on Sn’s
position relative to carbon in the Ge lattice.10 The indirect L valley
remains mostly unchanged, remaining above 0.6 eV with the addi-
tion of C or Sn. These predictions suggest that GeSnC holds poten-
tial as a promising direct bandgap material for next-generation Si
photonics lasers. Notably, our recent research demonstrated suc-
cessful molecular beam epitaxy (MBE) growth of a high-quality
GeSnC material, employing carbon tetrabromide (CBr4) as the
carbon precursor.11 The material exhibits good crystallinity, and
atomically flat surfaces without evidence of unwanted C phases,
defects, or alternate Sn (β) phases. However, the assumption that
Sn incorporation in the GeSnC samples mirrors the unity sticking
coefficient observed in equivalent C-free GeSn samples was found
invalid through subsequent Rutherford backscattering spectrometry
(RBS) measurements.12 RBS showed six times less (83%) Sn in
GeSnC than the equivalent CBr4-free GeSn sample grown under
identical conditions. We also observed, in a separate study,13 that
as the CBr4 pressure increases, the Sn atomic percentage concentra-
tion tends to decrease, and at a very high CBr4/Sn ratio, the %Sn
saturates at a minimum value close to the thermodynamic solubil-
ity limit. We attributed this phenomenon to the etching effect of
bromine in GeSnC growth, forming volatile SnBrx species.

The successful incorporation of both Sn and C in GeSnC
growth is crucial for achieving the desired direct gap and efficient
light emission. To enhance Sn and C incorporation, removing
bromine from the growth surface becomes a key factor.

In this study, we investigated whether thermally cracked hydro-
gen atoms would assist in Sn incorporation in GeSnC growth by
suppressing the etching of Sn by Br. The bond dissociation energy of
H–Br is higher (365 kJ/mol) than Br-Sn (337 kJ/mol).14 Therefore,
supplying atomic hydrogen to the surface during growth is expected
to remove Br in the form of HBr, leaving Sn unaffected. Cheng et al.
observed such removal of halogens by atomic hydrogen from Si
(001) surfaces.15 We systematically grew samples by introducing
thermally cracked hydrogen to the growth process at temperatures
suitable for alloy growth. Material properties were extensively charac-
terized using atomic force microscopy (AFM), high-resolution x-ray
diffraction (HRXRD), RBS, x-ray photoelectron spectroscopy (XPS),
scanning transmission electron microscopy (STEM), and Raman
spectroscopy. Understanding the effects of atomic hydrogen on
growth would aid in further optimization of GeSnC epitaxy.

II. EXPERIMENTAL DETAILS

In this paper, we examined three sets of GeSnC samples
grown by MBE, employing Ge and Sn solid source effusion cells,

along with commercially available, high-purity CBr4 as the carbon
precursor. The first two sets were grown as in Ref. 11 using GaAs
as a substrate, but the second added thermally cracked hydrogen
(atomic H) to study its efficacy in bromine removal. The GaAs
(001) substrates were unintentionally doped, quartered coupons
extracted from 3-in. epi-ready, double-sided polished wafers. The
third set of samples was grown on single-side polished, p-doped Ge
(001) substrates. Ge and GaAs have virtually identical lattice con-
stants, and the substrate was buried by a 155 ± 2 nm (verified by
STEM) Ge buffer in all cases, so the choice of substrates is believed
to have no effect apart from the possible differences in growth tem-
perature (see the supplementary material). Even so, the results and
analyses in the paper were organized without mixing samples
grown on different types of substrates, thereby ensuring that the
results remained unaltered by the substrate’s nature. Band edge
thermometry (k-Space Associates BandiT) and indium droplet
melting were used to calibrate the substrate heater thermocouple.
For consistency, this paper reports thermocouple temperatures
(in °C and, hereafter, denoted TC) rather than an implied surface
temperature (°C); comparative calibrations of surface temperature
(°C) and thermocouple temperature (TC) can be found in the sup-
plementary material.

A commercial atomic hydrogen source (Veeco Atom-H) was
used to desorb native oxide during growth. A filament current of
8.5 A produced a nominal temperature of 2260 °C for ∼11% crack-
ing efficiency. The native oxide on the Ge and GaAs substrates was
thermally removed at 320 and 375 TC, respectively, under a beam
of thermally cracked hydrogen (atomic H). Reflection high-energy
electron diffraction (RHEED) was used to monitor the real-time
surface reconstruction. RHEED showed bright 2 × 4 or 4 × 2 pat-
terns on GaAs substrates, or 2× reconstruction patterns on Ge sub-
strates, after 20 min of atomic H exposure, verifying an oxide-free
surface. Although the accurate RHEED azimuthal/crystal direction
was not recorded, the reconstruction pattern was based on the
recurring pattern that appeared on a substrate’s fixed rotation.
RHEED images can be found in the supplementary material.

Prior to growing the GeSnC film, regardless of the substrate, a
155 ± 2 nm Ge buffer layer was grown at 400 TC. RHEED verified a
uniform, flat surface with a 2 × 2 reconstruction pattern, typically
indicating a smooth, Ge-terminated surface. A similar sample of
Ge on GaAs at the same temperature showed a flat surface verified
by AFM (RMS roughness 0.5 nm over 10 × 10 μm; see the supple-
mentary material). Next, a GeSnC layer with a thickness of
215 ± 2 nm (verified by STEM) was grown at low temperatures
(160–220 TC) to avoid Sn segregation. The beam equivalent pres-
sures (BEPs) of Ge, Sn, and CBr4 were held constant
(Ge = 1.6 × 10−9 Torr, Sn = 6.7 × 10−9 Torr, CBr4 = 3 × 10−7 Torr)
throughout the growth. Atomic H was used during GeSnC deposi-
tion at a background pressure of 1 × 10−5 Torr, measured by an ion
gauge. The residual gas analyzer (RGA) showed that H2 partial
pressure was in the same order of magnitude as background pres-
sure. Unless otherwise stated, a 10 nm Ge cap layer was deposited
on the GeSnC layer to enable photoluminescence measurements,
which will be presented elsewhere.

To study surface morphology, AFM was used in tapping mode
under ambient conditions using Si probes with a nominal tip
radius of 8 nm. The atomic percentages were obtained based on
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RBS measurements. The random and channeled spectra were
recorded to assess the crystallinity of the alloy. The measurements
were conducted at the Michigan Ion Beam Laboratory (MIBL)
using a 1.7 MV General Ionics tandem ion accelerator. The beam
spot size was 1 × 1 mm2 with a maximum beam divergence of
0.05°. Backscattered particles were detected by a silicon surface-
barrier detector located at 170° with respect to the incident beam
direction.16,17 Samples were mounted on an automated five-axis
goniometer to allow channeling measurements in the [001] axis.
HRXRD measurements were performed using a Rigaku diffractom-
eter with Cu Kα1 radiation (λ = 1.540 597 Å) and a Ge (220)
monochromator. Rocking curves (RC), RSM, and 2θ-ω scans were
performed to determine the crystal quality, strain, and substitu-
tional incorporation of C in each film. XPS measurements were
performed using a ThermoFisher Nexsa system using Al Kα
(1486.6 eV) monochromatic x rays with an energy resolution of
≤0.5 eV. In situ Ar ion etching was used to remove surface contam-
ination and partially etch the GeSnC layer. Sample charging was
neutralized using an electron flood gun. Each spectrum used the
C1s peak at 284.8 eV for charge correction. Unpolarized
micro-Raman measurements were conducted using a Horiba
LabRam with 632.8 nm excitation. The optical penetration depth at
this wavelength is only ∼30 nm in Ge;18 hence, the light probes
only the alloy (and 10 nm Ge cap where present) without apprecia-
ble scatter from the underlying layer. The laser spot was focused
onto the surface using a 100x objective lens (NA 0.64) with power
at the source kept at 10 mW to avoid local heating. To obtain an
acceptable signal-to-noise, particularly for the carbon local vibra-
tional mode (C-LVM), 15 identical acquisitions were obtained with
an exposure time of 80 s followed by direct summing of the indi-
vidual spectra. All the Raman modes observed in the alloy are iden-
tified based on previous reports.11 In this report, we focus on the
C-LVM range of the Raman spectra. STEM analysis to investigate
crystal orientation, defects, and thickness of the grown epi-layers
was done using a Thermo Fisher Talos 200i at an accelerating
voltage of 200 kV. Samples were prepared by focused ion beam
milling using a Ga+ ion beam with final polishing done at 5 kV fol-
lowed by broad beam Ar+ ion milling done at 0.8 kV.

III. RESULTS AND DISCUSSION

A. Surface morphology

Figure 1 presents AFM images over an area of 10 × 10 μm2 for
GeSnC samples grown both with and without the presence of
atomic hydrogen (H) at temperatures of 180 and 200 TC. These
samples were grown without a Ge cap layer. The films grown
without atomic hydrogen exhibited flat surfaces with root mean
square (rms) roughness values below 0.4 nm. In contrast, the equiv-
alent samples grown with atomic hydrogen displayed slightly
higher rms roughness values of 1.7 and 1.2 nm, respectively.

We attribute the higher roughness observed in the GeSnC
samples grown with atomic hydrogen to the interaction of hydro-
gen with carbon (C). Previous studies have demonstrated that
active hydrogen helps to effectively suppress island growth in pure
germanium (Ge) and Ge1−xSnx,

19,20 On the other hand, facets were
found in Ge1−yCy growth when using a hydrogenated carbon
source.21 To demonstrate the interaction of atomic H and carbon,
the equivalent Sn-free Ge1−yCy sample grown at 200 TC shows a
comparable rms roughness of 1.4 nm, Fig. 1(e),22 which is consis-
tent with the findings for the equivalent GeSnC sample grown at
the same temperature, Fig. 1(d).

Therefore, the slightly elevated roughness observed in the
GeSnC samples grown with atomic hydrogen may be attributed to
an interaction between active hydrogen and carbon (C).

In situ RHEED was used to monitor growth and surface
reconstruction in real time. A comparative analysis of the RHEED
images obtained from the samples subjected to growth under
the presence of atomic H and those grown without atomic H is
shown in Fig. 2. In all instances where samples were grown without
atomic H, a discernible streak-like RHEED pattern was
observed, exhibiting a 2X reconstruction, in the temperature range
of 160–220 TC (°C). This distinctive RHEED pattern showed a
smooth surface morphology.

Conversely, the samples subjected to growth with the presence
of atomic H displayed a spotty RHEED pattern, suggesting a three-
dimensional (3D) growth at those temperatures, with an exception
of the samples grown at 220 TC, which showed streaky RHEED.

FIG. 1. AFM images 10 × 10 μm2 for GeSnC samples grown on GaAs without atomic H [(a) and (b)] and with atomic H [(c) and (d)] at 180 and 200 TC, respectively.
(e) AFM image of an equivalent Ge1−yCy sample grown on GaAs with atomic H (after Ref. 22). The same color scale is used for all images. AFM images [(a) and (b)]
are reproduced with permission from Appl. Phys. Lett. 121, 122104 (2022). Copyright 2022 AIP Publishing LLC.
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AFM was consistent with the RHEED results, showing 1.7 and
1.2 nm roughness for samples grown at temperatures of 180 and
200 TC, and displayed a maximum feature height of 16 nm. As will
be discussed below, for the layers grown in the temperature range
(160–200 TC), post-growth STEM reveals the presence of voids.

B. Carbon defects and bonds

Density functional theory modeling using the Vienna Ab
initio Package Simulation (VASP)23,24 showed that the bonding of
C with a single Sn as the first nearest neighbor is ∼0.30 eV more
favorable than Sn as the second nearest neighbor.10 Carbon and tin
partially compensate for each other’s local distortion of both the
nearby lattice and the band structure.

However, carbon may also precipitate in the alloy as “C–C”
defects. Such precipitated C atoms were previously reported in
GeSnC alloys at a binding energy of ∼285 eV in XPS.25 In the
present study, XPS was performed to investigate the chemical
bonding state and test whether sp2/sp3 carbon defects were detect-
able in the alloy. The XPS core energy spectra of Ge 3d, Sn 3d, and
C 1s are shown in Figs. 3(a)–3(c) for the GeSnC sample grown
with atomic H at 180 TC. The elemental Ge 3d core energy spec-
trum was deconvoluted with two Gaussian peaks corresponding to
Ge 3d3/2 (29.7 eV) and Ge 3d5/2 (29.1 eV); see Fig. 3(a). Since this
alloy is 97% Ge, no significant peak shift or features are present in

the Ge 3d XPS spectra. A similar sample grown without atomic H
also showed the same peak position for Ge 3d.

The C 1s core energy spectrum was fitted with a single
Gaussian function centered at 282.4 eV, indicating that the C1s peak
represents both C–Sn and C–Ge bonds in the alloy or a combination
of both. However, attempts to fit a peak at approximately 285 eV
failed, showing that sp2/sp3 carbon defects were below the detection
limits, shown in Fig. 3(b). An asymmetric least-squares smoothing
function was used for baseline correction; the raw data with the
fitted baseline can be found in the supplementary material.

Similarly, the Sn 3d core energy spectra were readily fitted with
a single Gaussian peak centered at 484.7 eV, shown in Fig. 3(c).
Therefore, the Sn 3d band may represent Sn–C or Sn–Ge bonds, or
a combination of both with peaks too close to resolve. The corre-
sponding GeSnC sample grown without atomic hydrogen also exhib-
ited a Sn 3d peak at the same binding energy of 484.3 eV [Fig. 3(d)].
The lower Sn 3d peak intensity for the sample grown without atomic
H is due to the decrease in Sn incorporation. Finally, the absence of
a Br 3d peak (at 68.7 eV) suggests the absence of Br incorporation
during MBE.

C. Substitutional carbon incorporation

Carbon can substitutionally incorporate in the desired, tetra-
hedrally bonded sites of the predominantly Ge lattice. Carbon may
also form undesirable defects, inclusions, or an alternate carbon

FIG. 2. RHEED images for GeSnC samples grown on GaAs with and without atomic H at different growth temperatures. RHEED images [(a)–(d)] are reproduced with
permission from Appl. Phys. Lett. 121, 122104 (2022). Copyright 2022 AIP Publishing LLC.
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phase, such as sp2/sp3 carbon, as reported in several Ge1−yCy

films.8 Raman spectroscopy was used to verify the substitutional
incorporation of carbon and tested for the presence of alternate
sp2/sp3 carbon phases within the GeSnC alloy. The use of a
632.8 nm wavelength laser provided a shallow penetration depth of
approximately 30 nm in Ge and GeSnC, for an additional method
to complement XPS for the detection of sp2/sp3 carbon.

Figure 4(a) shows the Raman spectra of GeSnC samples
grown with atomic H and a Ge wafer as the control. Raman modes
in GeSnC alloys in the 110–600 cm−1 range were identified, includ-
ing the O(Γ)-symmetry first-order and multiple second-order
(SOGe) scattering, as previously observed in bulk Ge.26 Intensities

were normalized to the first-order (Ge–Ge) and second-order
(SOGe) scattering peaks located at ∼300 and ∼571 cm−1, respec-
tively. The first-order Raman-allowed Ge–Ge mode for the Ge
wafer was observed at 300.7 cm−1, with a full width at half
maximum (FWHM) of 2.5 cm−1. The GeSnC alloys similarly
showed a narrow Ge–Ge band with a linewidth of less than
4 cm−1, confirming good crystal quality without large numbers of
defects. It is worth noting that the Ge–Ge modes in all GeSnC
samples shifted to lower wave numbers (redshift) than the Ge
wafer,

ΔωGe-Ge ¼ ωGe-Ge(GeSnC film)–ωGe(Ge wafer) , 0: (1)

FIG. 3. XPS core energy spectra of Ge 3d, C1s, and Sn 3d for the GeSnC sample grown on the GaAs substrate with (a)–(c) or without (d) atomic H. The growth tempera-
ture was 180 TC.
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The maximum red shifting (ΔωGe-Ge =−1.05 cm−1) occurred
for the sample grown with atomic hydrogen at a growth tempera-
ture of 180 TC. Interestingly, for GeSnC grown with atomic H, a
more pronounced shift is apparent, implying a greater extent of
alloy-induced strain due to enhanced Sn in the alloy.

The second-order scatterings for Ge (SOGe) were present at
160, 230, 350, 546, 556, 571, and 592 cm−1, as previously reported
by other groups. Along with Ge–Ge and SOGe, another band near
185 cm−1 was observed, attributed to Sn–Sn bonds.27

Figure 4(a) shows weak features in the range where the carbon
local vibrational mode (C-LVM) has been previously reported near
531 cm−1.28 As shown in the more detailed view in Fig. 4(b), the

GeSnC alloys grown with and without H clearly exhibit the C–LVM
band. Detailed fitting was carried out in the C–LVM range of each
Raman spectrum, as shown in Fig. 4(c) for the GeSnC alloy grown
at 180 TC with H. Line shapes were modeled using the Voigt func-
tion. In all cases, the SOGe bands were found to remain consistent in
position and linewidth, and the C-LVM energy remained in the
531.1–531.5 cm−1 range. The presence of the C–LVM band in all
GeSnC samples, regardless of whether they were grown with or
without atomic hydrogen, serves as a direct confirmation of the sub-
stitutional incorporation of carbon in the alloy.

Raman spectra over 1200–1600 cm−1 were also measured to
test for the presence of disordered carbon phases,29 particularly
near 1350 and 1540–1600 cm−1. We observed no Raman features
in this range and concluded that these carbon phases are not
present in abundance using the growth techniques used here. The
spectra for samples grown with atomic H are shown in the supple-
mentary material.

D. Atomic percentages of TIN

To determine the absolute Sn content in each GeSnC film,
RBS measurements were carried out using α particles and analyzed
using the Simulation of Nuclear Reaction Analysis (SIMNRA)
code.30 Both random and [001] channeling-RBS spectra for the
sample grown at 160 TC are shown in Fig. 5. A distinct peak near
2.55MeV corresponds to the presence of Sn in the layer, and analy-
sis using SIMNRA yielded a Sn composition of 2.0%.

Figure 6 shows a comparison of the atomic percentages of Sn
measured by RBS in GeSnC samples grown with and without
atomic H. The atomic percentages of Sn measured by HR-XRD
from C-free GeSn samples are added as a control. The GeSn
sample grown at a temperature of 160 TC exhibited Sn content of
3.7% as determined by RBS and 3.8% as determined by HR-XRD,
which demonstrated strong agreement between the RBS and XRD
results, further corroborating the consistency and accuracy of the
obtained Sn content by HR-XRD in the GeSn alloy.

The Sn content for the GeSnC sample grown at 160 TC
without atomic hydrogen measured as 0.6%. A direct comparison
of this result with the equivalent GeSn sample reveals that the

FIG. 4. Raman spectra for GeSnC samples grown on GaAs with atomic H at different temperatures. (a) Showing all vibrational modes. (b) C-LVM for GeSnC samples
grown with and without atomic H at 180 and 200 TC. (c) Example fitting of the 180 TC + H sample to distinguish the C-LVM mode from SOGe peaks.

FIG. 5. Channeling-RBS spectra as a function of backscattered energy, for the
GeSnC sample grown on GaAs with atomic H at 160 TC. The random and [001]
channeling data are shown as red and black solid lines. SIMNRA simulation
(solid blue line) indicates 2% Sn.
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GeSnC sample exhibits a remarkably lower Sn content, approxi-
mately 6x less, compared with the carbon-free GeSn counterpart.

However, the equivalent GeSnC sample grown with atomic H
at 160 TC exhibited a Sn content of 2% measured by RBS, 3.3x
times more Sn than the sample grown without atomic H. Thus,
atomic H recovered approximately 38% of Sn that would otherwise
be lost due to bromine etching. A similar trend was observed for
the GeSnC samples grown at higher temperatures. Without H, RBS
measurements revealed Sn contents of 0.4%, 0.2%, and 0.2% for the
samples grown at 180, 200, and 220 TC, respectively. This is 9x,
13x, and 12x less Sn than the equivalent GeSn samples. In contrast,
the equivalent samples grown with atomic H exhibited Sn contents
of 1.8%, 1.9%, and 1.7% for the respective temperatures, which is a
6x, 9.5x, and 8.5x respective increase in Sn compared with the
equivalent samples grown without atomic H. A maximum of 71%
Sn is recovered for the sample grown at 200 TC with atomic H. The
results are summarized in Table I.

The increase in the Sn content observed in the GeSnC
samples is attributed to the elimination of bromine (Br) from the

growth surface by atomic hydrogen (H) before it can etch Sn.
During the growth process, CBr4 delivers carbon (C) and Br to the
growth surface. In the absence of atomic H, Br readily bonds with
Sn, leading to the etching of Sn from the alloy. However, in the
presence of atomic H, bromine atoms exhibit a preference for
bonding with hydrogen rather than with Sn. This preference for
H–Br bonding arises due to its higher bond dissociation energy
(365 kJ/mol) compared with the Br–Sn bond (337 kJ/mol). Since
gas-phase reactions are negligible in the high vacuum system
(ranging from 10−5 to 10−9 Torr), only surface reactions are
expected to govern the reaction of bromine by atomic H. The
strong H–Br bond forms volatile HBr, which rapidly evaporates
from the growth surface. During growth, the RGA detected distinct
peaks of HBr at 80 and 82 amu. However, the RGA was not directly
in the line of sight of the wafer, and scans to higher masses (SnBrx)
are currently unavailable. The growth mechanism is shown
in Fig. 7.

E. Crystal quality and substitutional incorporation

In ion channeling measurements, the yield ratio χmin, which
compares the backscattered yield between the channeled and
random directions, serves as a quantitative measure of crystal
quality and substitutional incorporation. In a highly crystalline Ge

TABLE I. RBS channeling data (Sn composition, χmin, S) for GeSnC/GaAs grown with and without atomic H. S is substitutional fraction of Sn in the alloy.

Temp (TC)
GeSn GeSnC without atomic H GeSnC with atomic H

%Sn (XRD) %Sn χmin for Ge χmin for Sn S (%) %Sn χmin for Ge χmin for Sn S (%) Sn restored (%)

160 3.7 0.6 0.13 0.19 87 2.0 0.27 0.45 59 38
180 2.7 0.3 0.09 0.22 84 1.8 0.17 0.42 62 56
200 2.6 0.2 0.11 0.21 84 1.9 0.14 0.39 65 71
220 2.4 0.2 0.10 0.21 85 1.7 0.07 0.13 92 68

FIG. 6. Atomic percentages of Sn in GeSnC samples grown with and without
atomic H at various temperatures on GaAs. The atomic percentages of Sn from
equivalent, CBr4-free GeSn samples are also included.

FIG. 7. Proposed mechanism for the removal of Br during GeSnC growth with
atomic H.
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sample, the backscattered yield from the axially aligned ion beam is
a small percentage of the random yield because the ions are steered
by atomic rows into the crystal channel where they have a low
probability of a close encounter collision. When solute atoms, such
as Sn, are displaced into the crystal channel, the backscattered yield
increases. For the sample grown at 160 TC using atomic H, χmin

values of 0.27 and 0.45 were obtained for Ge and Sn, slightly
higher than those for Ge, and much higher than typical
MBE-grown GeSn (χmin∼ 0.1),31 indicating reduced crystallinity
for low-temperature growth of GeSnC. As the growth temperature
is increased, χmin decreases (Table I) were observed, suggesting
enhanced crystallinity.

RBS is also used to calculate the percentage of Sn atoms
located on substitutional lattice sites (S) using Eq. (2) and χo, the
minimum yield of a Ge reference crystal.

S ¼ 1� χminfor Sn

1� χo
� 100%: (2)

Figure 8 shows the fraction of substitutional Sn for the GeSnC
samples grown with and without atomic H from 160 to 220 TC,
along with the GeSn sample grown at 160 TC. Table I includes a
list of the χmin values for Ge and Sn and S for Sn. For the samples
grown without atomic H, the fraction of substitutional Sn is inde-
pendent of growth temperature, with all values in the range of
84%–87%. In contrast, for the samples grown with atomic H, as the
growth temperature is increased, χmin and S improved, indicating a
better crystal quality and a higher fraction of substitutional Sn. For
the atomic H-grown samples, the fraction of substitutional Sn
increases from 59% to 92% with increasing growth temperature.

It is worth noting that the fraction of Sn that incorporates sub-
stitutionally into the Ge lattice is lower in the samples grown with
atomic H compared to the equivalent samples grown without
atomic H, with the exception of the samples grown at 220 TC. At a
growth temperature of 220 TC, the majority of Sn atoms occupy Ge
sites, with minimal distortion.

To elucidate the variability in Sn substitutional atoms within
the grown samples, STEM analysis was conducted on the GeSnC
samples grown with atomic H at 160 and 220 TC. Annular dark
field STEM (ADF-STEM) images most clearly differentiated the
layers and, for both samples, showed that all interfaces were dis-
tinct, abrupt, and flat (GaAs/Ge, Ge/GeSnC, and GeSnC/Ge),
without any visible interfacial dislocations. However, the Ge cap
layers exhibited island formation, presumably due to limited
Ge/GeSnC wetting. Additional high-angle annular dark field
(HAADF) images were taken from both samples to identify regions
of composition variation and neither showed evidence of Sn-rich
or C-rich regions. For the sample grown at 160 TC, many circular
defects in the GeSnC layers are apparent, beginning ∼15 nm from
the underlying Ge buffer, as shown in Fig. 9(a). The defect diame-
ters ranged from roughly 10 to 30 nm. Convergent beam electron
diffraction (CBED) confirmed that the circular regions were signifi-
cantly thinner than the surrounding material. Energy dispersive
spectroscopy (not shown) measurements showed increased Sn
content surrounding the regions, suggesting that they are hollow
nanovoids lined on the outside with Sn, or perhaps, Sn-rich GeSn.
The Sn lining is presumably non-coherent with the Ge lattice and
is consistent with the elevated χmin and the reduced fraction of sub-
stitutional Sn. We speculate that these defects could be the result of
vacancies formed at low temperature, agglomerating into nanovoids
during the subsequent high temperature Ge cap growth. However,
detailed studies of the origins and compositions of these defects are
beyond the scope of the present paper.

On the other hand, for the GeSnC samples grown at high tem-
peratures (220 TC), the circular defects, Sn-rich regions, and
carbon clusters are not apparent [Figs. 9(b) and 9(d)].

F. Atomic percentage of carbon

High-resolution x-ray diffraction (HR-XRD) was used to
determine the film’s crystal quality, relaxation, and atomic percent-
ages of carbon in the GeSnC alloy. The GeSnC ternary alloy is sub-
jected to pseudomorphic strain induced by the GaAs substrate,
which has been verified through reciprocal space mapping (RSM),
as explained below. With the in-plane lattice constant (a∥) known,
the perpendicular lattice constant (a⊥) becomes the sole indepen-
dent strain parameter. This, however, poses a challenge in the
simultaneous determination of both x and y in the GeSnC alloy
using HR-XRD, since each of them impacts the lattice constant.

To address this issue, the atomic percentage of Sn is taken
from the RBS measurement, as previously described, and consid-
ered a fixed parameter in XRD simulation. This enables the calcula-
tion of the atomic percentage of carbon in the GeSnC ternary alloy.

A comparison of the HR-XRD 2θ-ω scans for the GeSnC
samples grown on GaAs, with and without atomic hydrogen, is
shown in Fig. 10(a). The growth temperatures are 160, 180, 200,
and 220 TC. The diffraction peaks observed at 66.04° and 65.94°

FIG. 8. Fraction of substitutional Sn determined from a comparison of random
and channeling-RBS data for GeSnC/GaAs grown at various temperatures, with
and without atomic H, in comparison with that of GeSn/GaAs grown at 160 TC.
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correspond to the GaAs (004) substrate and Ge buffer layers,
respectively. The well-defined peak at a higher diffraction angle
represents the GeSnC layer. Pendellösung fringes are more pro-
nounced in the samples grown without atomic H, indicating the
presence of abrupt and flat interfaces. However, these fringes are
less prominent in samples grown with atomic H. As mentioned
earlier, the interaction of atomic H with C could potentially result
in a slightly rougher surface, which may explain the less abrupt and
flat interfaces observed in the atomic H-grown samples.
Nonetheless, both sets of samples exhibit good crystal quality, with
rocking curve (RC) analysis yielding the highest full width at half
maximum (FWHM) values of 66 and 55 arc sec for the samples
grown with and without atomic H, respectively.

RSM was conducted for all samples around the asymmetric
(115) reflection to assess the extent of relaxation. Figure 10(b)
shows the RSM scan specifically for the sample grown at 160 TC,
which exhibits the highest percentages of Sn (2%) and C (1.5%)
among the four samples. The peaks corresponding to the GaAs
substrate, Ge buffer layer, and GeSnC film all have the same Qx

position, indicating a matched in-plane lattice spacing with the
substrate without any relaxation. For the GeSnC film grown at a
substrate temperature of 160 TC, the out-of-plane lattice constant
a⊥ is determined to be 5.6329 Å.

The atomic percentages of carbon (C) from HRXRD are
plotted in Fig. 11. For the samples grown with atomic H, the substi-
tutional carbon percentages are measured as 1.5%, 1.4%, 1.4%, and
1.0% at 160, 180, 200, and 220 TC, respectively. The results are
compared with the samples grown without atomic H, indicating
that all samples grown with atomic H have higher substitutional
carbon. For example, the sample grown at 160 TC measured 1.25x
higher substitutional carbon than the equivalent sample grown
without atomic H. Similarly, the other samples grown with higher
temperatures show 1.16x, 1.4x, and 1.25x higher substitutional
carbon.

In a separate study, we observed that Sn facilitates the incorpo-
ration of carbon, largely due to a partial cancellation of distortion
that highly electronegative C atoms cause in the Ge host lattice,
even when fully substitutional.32 Therefore, the higher carbon
incorporation could be a side effect of the increase in Sn content in
atomic H-grown samples. Additionally, the equivalent Sn-free GeC
film grown with atomic H exhibited higher substitutional carbon
compared to the sample grown without atomic H.22 Therefore, the
increase in substitutional carbon observed in atomic H-grown
GeSnC is attributed to a combined effect of Sn and atomic H.

The larger 2θ angles indicate more tensile strain for all GeSnC
samples grown without atomic hydrogen than those grown with
atomic H. In the case of atomic H-grown samples, the 2θ positions
are shifted toward lower diffraction angles, as indicated by the red
arrows in Fig. 10(a). Although H increases both %Sn and %C, the
increase is higher for %Sn, shifting the alloy slightly toward a more
compressive strain.

On the other hand, the concentrations of carbon (C) and Sn
decrease at higher growth temperature (220 TC) for the atomic
H-grown GeSnC samples, as indicated by the dashed blue line in
Fig. 9(a). A similar decrease in %C and %Sn with growth tempera-
ture was also observed for the samples grown without atomic H.11

This is consistent with the earlier findings that Sn reduces the
energy cost of C incorporation, implying less Sn would also incor-
porate less C.

The out-of-plane (ε?) and in-plane strain (ε∥) were calculated
using the same technique as described in Ref. 11. The results reveal
the presence of residual in-plane tensile strain (ε∥) in both types of
GeSnC samples, with and without atomic H. However, the atomic
H-grown samples exhibit lower in-plane tensile strain than those
grown without atomic H. Substitutional Sn produces the opposite
strain to C in Ge, and due to higher percentages of Sn, the atomic
H-grown samples demonstrate lower in-plane tensile strain. The
results are summarized in the supplementary material.

FIG. 9. Cross-sectional ADF-STEM images of the GeSnC samples grown on GaAs at (a) 160 and (b) 220 TC. (c) Magnified ADF-STEM image of the Ge/GeSnC
interface, (d) Magnified HAADF image of the GeSnC layer.
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G. I of H in bromine removal

We now use the samples grown on Ge to consider the role
of atomic hydrogen pressure in removing bromine. During the
growth experiment, the Sn beam flux was constant at 1.3 × 10−8,
while the atomic hydrogen pressure varied within the range of
2 × 10−6–10 × 10−6 Torr. Specifically, the first sample was grown at
an atomic hydrogen pressure of 2 × 10−6 Torr, while the second
sample was grown with a 5x higher atomic hydrogen pressure of
10 × 10−6 Torr.

XPS calibrated from RBS was performed on these samples to
determine the atomic percentage of Sn. The sample grown with
higher atomic H flux showed Sn = 2.0 ± 0.1%, compared with
0.8 ± 0.1% with lower atomic H: a 2.5x increase in Sn from a 5x
increase in H.

Figure 12 plots the above results for %Sn with an additional
equivalent sample that was grown without atomic H. XPS mea-
sured 0.3 ± 0.1%Sn for the sample grown without atomic H. It is
evident from the plot that by increasing atomic H pressure, %Sn
increases linearly, even if the Sn beam equivalent pressure remains
constant, which demonstrates that Sn incorporation could be
increased by increasing the atomic hydrogen pressure. This finding
further supports our hypothesis that the formation of Sn–Br bonds
can be controlled by the presence of atomic hydrogen on the

FIG. 11. %C from XRD fit for GeSnC grown on GaAs with and without atomic
H at different temperatures, using %Sn from RBS.

FIG. 10. (a) HR-XRD 2θ-ω scans for GeSnC samples grown on GaAs, with and without atomic H at different temperatures, (b) RSM scan for the GeSnC sample grown
with atomic H at 160 TC.
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growth surface, and its effectiveness is enhanced by increasing the
number of active hydrogen atoms.

XRD was utilized to determine the substitutional carbon
content based on Sn measured by XPS. XRD analysis revealed a
substitutional carbon content of 1.8% for the sample grown with a
lower atomic H pressure and 1.9% for the sample that was grown
with a higher atomic H pressure.

IV. SUMMARY

In summary, we found that the use of CBr4 as a carbon pre-
cursor for GeSnC alloys significantly decreases the Sn content, but
adding thermally cracked, atomic H restores most of Sn. We believe
atomic H removes Br from the surface before it can attack Sn.

Furthermore, AFM showed atomically flat surfaces with com-
parable RMS roughness <1.7 nm for films grown with and without
atomic H. RHEED revealed a temperature dependence in surface
reconstruction. At lower temperatures, a three-dimensional (3D)
growth pattern was observed, whereas higher temperatures pro-
moted a smoother growth morphology.

Likewise, HR-XRD analysis revealed a comparable crystal quality
between the films grown with atomic hydrogen and those grown
without it. However, a subtle distinction was observed in atomic
hydrogen-grown films, where the interface appears to be slightly less
abrupt compared to the films grown without atomic hydrogen.

Raman spectroscopy confirmed the substitutional incorpora-
tion of carbon within the lattice, and Raman and XPS showed no
detectable sp2/sp3 carbon or bromine in the alloy. These collective
findings strongly suggest that the carbon incorporation process
occurred exclusively in a substitutional manner, ruling out any
unwanted nanoclusters or carbon defects.

Specifically, channeling-RBS data reveal that MBE of GeSnC
in the presence of atomic hydrogen enhances Sn incorporation.

Notably, the Sn percentage increased by up to 9.5x in atomic
hydrogen-grown samples. Further increasing the H flux by 5x
increased %Sn by 2.5x. Channeling RBS also showed that the
samples grown with atomic H have a lower fraction of substitu-
tional Sn compared to those without, except the sample grown at
220 TC.

STEM showed nanovoids in the sample grown at a low tem-
perature (160 TC), potentially contributing to the decreased Sn
fraction in the alloy. Conversely, the samples grown at high temper-
atures exhibited a lack of defects, with distinct and well-defined
interfaces.

Based on these comprehensive results, we conclude that the
addition of atomic hydrogen is an effective strategy to increase the
atomic percentage of tin (Sn) in GeSnC growth when CBr4 is used
as the carbon source. Atomic hydrogen reacts with bromine imme-
diately on the growth surface, forming highly preferable H–Br
bonds that subsequently evaporate as HBr, preventing the etching
of Sn as volatile SnBrx. Although further studies are required to
fully understand the growth mechanism, it is evident that atomic
hydrogen plays a crucial role in restoring approximately 38%–71%
of Sn previously lost due to bromine etching in situ. Additionally,
we observed a significant, simultaneous increase in substitutional
carbon content in the samples, which can be attributed to the
reduced local strain around the Ge lattice for increased Sn.
Collectively, these findings highlight the efficacy of atomic H in
enhancing Sn incorporation and optimizing the growth of GeSnC
films using CBr4 as the carbon precursor.

SUPPLEMENTARY MATERIAL

See the supplementary material for native oxide desorption
using atomic hydrogen, Ge buffer growth, substrate temperature
calibration using KSA BandiT, Raman measurement for sp2/sp3

carbon defects, XPS data with fitted baseline, and metrology results
(atomic percentage of carbon, FWHM, and calculated strain) using
x-ray diffraction.
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