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a b s t r a c t   

In this work, the structural evolution and photoluminescence (PL) of 200 nm pseudomorphic 
Ge0.9338Sn0.0662 on Ge (001) substrate grown by low-temperature molecular beam epitaxy (MBE) after rapid 
thermal annealing (RTA) is studied. Under RTA at 350 °C or lower, the GeSn film is coherently strained on Ge 
substrate. As RTA temperature further increases, gradual strain relaxation of GeSn is enabled by generation 
of misfit dislocations and threading dislocations. As RTA temperature reaches 550 °C or beyond, Sn seg-
regation occurs along with strain relaxation. The PL intensity of annealed samples is enhanced compared to 
that of as-grown sample probably due to improved crystal quality and strain relaxation (for RTA at >  350 °C) 
of GeSn. The sample annealed at 500 °C exhibits highest PL intensity due to formation of a Sn-component- 
graded (SCG) heterojunction with highest Sn content in surface region resulted from interdiffusion of Ge 
and Sn. The formation of SCG heterojunction renders spontaneous confinement of optically pumped carriers 
in the surface region and enlarges occupation probability of carriers in Γ valley. Additionally, the carrier 
confinement in the surface region reduces self-absorption of GeSn and suppresses nonradiative re-
combination near the GeSn/Ge interface. The results manifest that RTA is an appropriate approach to im-
prove the light emitting property of GeSn grown by low-temperature MBE. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Germanium tin (GeSn) has attracted abundant researches in re-
cent years due to its preeminent optoelectronic properties and 
compatibility with silicon (Si) based complementary metal-oxide- 
semiconductor (CMOS) process. Through incorporation of Sn into Ge, 
the bandgap of GeSn can be tuned from near-infrared (NIR) to mid- 
infrared (MIR) range [1,2]. Moreover, as Sn content increases, GeSn 
could transform to a direct bandgap material rendering GeSn a 
promising material for Si photonics, especially for the light source 
module, which is the bottleneck for Si photonics. The cross point of 
indirect and direct bandgap transition of GeSn without strain is 
predicted to occur at a Sn content of ~ 8% [3–7], To date, GeSn-based 
light emitting diodes [8–11], optically pumped lasers [3,12–15] and 
even electrically pumped lasers [16,17] working at NIR and MIR 
ranges have been realized. However, current GeSn-based light 
emitting devices suffer from high injection conditions and/or low 

working temperatures due to lack of high-quality direct bandgap 
GeSn material. 

The growth of high-quality direct bandgap GeSn material faces 
two main challenges: low solid solubility of α-Sn in Ge (<  1%) [18] 
and large lattice mismatch between Sn and Ge [19]. The former 
hinders acquisition of Sn-rich GeSn alloys and limits the maximum 
post-processing temperature of GeSn. The latter induces compres-
sive strain in GeSn resulting in higher Sn content to transform GeSn 
into direct bandgap material [20]. Several nonequilibrium growth 
methods have been proposed to obtain Sn-rich GeSn alloys, such as 
molecular beam epitaxy (MBE) [21–24], chemical vapor deposition 
(CVD) [25–28] and magnetron sputtering [29,30]. However, to avoid 
Sn segregation from the film [31], the growth temperature has to be 
set at low values, especially for MBE, which has much lower growing 
rates than those of CVD. The typical growth temperature of GeSn by 
MBE is less than 200 °C [21,32]. The low-temperature growth during 
MBE leads to high-density point defects in GeSn film thus degrades 
the performance of GeSn-based optoelectronic devices [33,34]. Ad-
ditionally, low-temperature MBE growth impedes the relaxation of 
the compressive strain in GeSn due to insufficient kinetics of Ge and 
Sn atoms at low temperature [35,36]. Alternative approaches are 
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required to improve the material quality and/or relax the compres-
sive strain of GeSn grown by low-temperature MBE. 

Post thermal annealing is a valid approach to improve the crystal 
quality and/or relax the lattice strain of epilayers. The influence of 
thermal annealing on strain relaxation and Sn segregation of GeSn 
has been studied by many groups [37–39]. However, the results are 
far from being conclusive. Some researchers indicate that the com-
pressive strain in GeSn films can be relaxed by thermal treatment  
[37], while some investigations show that Sn segregates without 
strain relaxation in the GeSn film under thermal treatment [40,41]. 
The influence of thermal treatment on the structure of GeSn needs to 
be further explored. In addition, few studies report on the influence 
of thermal treatment on the optoelectronic properties of GeSn  
[42,43], especially the light emitting property of GeSn grown by low- 
temperature MBE. 

In this work, the influence of rapid thermal annealing (RTA) on 
the structural and optical properties of 200 nm fully strained 
Ge0.9338Sn0.0662 on Ge substrate grown by low-temperature MBE is 
studied. As RTA temperature rises, strain relaxation is observed prior 
to Sn segregation in the GeSn film. Interdiffusion of Ge and Sn is 
detected under RTA at high temperature. The photoluminescence 
(PL) intensity of annealed samples is enhanced compared to that of 
as-grown samples. The PL intensity of the sample annealed at 500 °C 
is enhanced by more than 7.8 fold compared to that of an as-grown 
sample. The results show that RTA is an effective approach to im-
prove the light emitting efficiency of GeSn grown at low tem-
perature. 

2. Experimental section 

The GeSn sample was grown on a 3-inch undoped (001) oriented 
Ge substrate with a resistivity of 40 Ω cm by molecular beam epitaxy 
(MBE). The Ge substrate was chemically cleaned based on the pro-
cedure developed by Hovis et al. [44] then was immediately loaded 
into the MBE preparation chamber after formation of a Ge oxide 
protective layer. After an overnight degassing process, the substrate 
was transferred to the growth chamber with a base pressure of 
3 × 10−10 Torr. Prior to GeSn deposition, the substrate was flashed to 
850 °C for 10 min to desorb the Ge oxide. Next, the substrate heater 
was ramped down to 150 °C for GeSn growth. The Ge and Sn fluxes 
were provided by thermal evaporation of triple zone-refined Ge and 
Sn (6 N, United Mineral and Chemical Corporation) loaded in 
Knudsen thermal effusion cells, respectively. The Ge and Sn cell 
temperatures were kept at 1220 °C and 980 °C during growth, re-
spectively. After a growth period of 3 h, a GeSn film with thickness of 

~ 195 nm and Sn content of ~ 6.6% was expected to be deposited on 
Ge substrate, based on deposition rates for Sn and Ge. The sample 
was then cleaved into pieces of 1 cm2 for post-processing studies. 
Rapid thermal annealing (RTA) was carried out at 200–600 °C for 
1 min in N2 during different batches. 

X-ray diffraction (XRD, Panalytical X′ Pert) rocking curves and re-
ciprocal space mapping (RSM), Raman spectra (ThermoScientific DXR 
Raman microscope), transmission electron microscope (TEM, FEI Talos 
F200X) images and X-ray energy dispersive spectra (EDS, Oxford) were 
taken to characterize Sn distribution, strain evolution and crystal 
quality of GeSn after thermal treatments. The surface morphology of 
GeSn after RTA was scanned by atomic force microscope (AFM, Anasys 
NanoIR2) using tapping mode. Photoluminescence spectra were 
collected by a home-made PL measurement system to analyze the 
optoelectronic property of GeSn after RTA. 

3. Results and discussion 

Fig. 1(a) compares the (004) XRD ω-2θ rocking-curve scans of the 
as-grown sample and samples after RTA at 350–600 °C. The peak 
position of Ge substrate in each plot has been shifted to zero for 
better comparison. The peaks located between − 500 to − 2100″ are 
from GeSn. For the as-grown sample (black curve), Pendellösung 
fringes are observed indicating that the GeSn film is coherently 
strained with respect to the Ge substrate. From the peak separation 
between Ge and GeSn and the periodicity of the fringes, the Sn 
content and thickness of the GeSn film are extracted to be 6.62% and 
200 nm, respectively. After RTA at temperatures up to 350 °C (red 
curve, curves for GeSn annealed at temperatures below 350 °C are 
not shown), the GeSn peak position barely changes and the Pen-
dellösung fringes are clear suggesting that the GeSn film is still fully 
strained. As annealing temperature elevates to 400 °C (blue curve), 
the Pendellösung fringes disappear and the GeSn peak broadens 
accompanied by a slight shift of peak position to higher angle side. 
The disappearing of fringes indicates that the interface between 
GeSn and Ge becomes blurry, which may be due to strain relaxation 
and generation of misfit dislocations. For samples annealed at 
500–600 °C (purple curve to yellow curve), the GeSn peaks are 
asymmetric. As temperature increases, the GeSn peak becomes 
broader and shifts closer to the Ge peak. Fig. 1(b) summarizes the 
dependence of the full width at half maximum (FWHM) of GeSn and 
Ge (004) XRD peaks on RTA temperature. For Ge peak, as RTA tem-
perature increases, the FWHM varies between 26″ and 49″. For GeSn 
peak, the FWHM remains at a small value of ~ 100″ at RTA tem-
peratures of 350 °C or lower. As RTA temperature rises to 400, 500, 

Fig. 1. (a) Symmetric (004) XRD ω-2θ rocking-curve scans showing diffraction intensity versus diffraction angle of GeSn grown on Ge substrate by MBE before (black curve) and 
after (red to yellow curves) RTA at 350–600 °C; The peak position of Ge substrate in each plot has been shifted to zero for better comparison. (b) Dependence of FWHM for Ge (red 
curve) and GeSn (black curve) (004) XRD peaks on RTA temperature. 
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550 and 600, the FWHM of GeSn (004) XRD peak dramatically in-
creases to 674, 961, 1041 and 1281″, respectively. The surge of FWHM 
for GeSn peak along ω-2θ direction is attributed to variation in lattice 
plane spacing (d spacing) with depth and may result from Sn dif-
fusion and/or generation of dislocations along the growth direction 
of the GeSn film after thermal treatment. 

To quantitatively characterize the evolution of Sn content and 
strain in the GeSn films after RTA, asymmetric (224) XRD-RSMs of 
samples after RTA at 350–600 °C are taken, as shown in Fig. 2. The 
maps were collected as area scans using ω-2θ scans offset along the ω 
axis. In the RSM, the intensity of the diffracted beam is depicted as 
contour lines of equal intensity as a function of the reciprocal lattice 
vectors along the [110] (Q//) and [001] (Q⊥) directions. The upper 
contour peak and lower contour peak in each map are from the 
diffraction of Ge substrate and GeSn film, respectively. The vertical 
dash line (black) in each map indicates the line of full strain, since a 
layer peak centered on this line would have an identical in-plane 
lattice constant to Ge substrate, the oblique dash line (red) in each 
map represents the line of complete strain relaxation, since peaks 
centered on this line have equal in-plane and out-of-plane lattice 
constants. For the sample annealed at 350 °C (Fig. 2(a)), Ge and GeSn 
peaks have an identical Q// confirming that the GeSn film is fully 
strained on Ge substrate. After RTA at 400 °C (Fig. 2(b)), both the Ge 
and GeSn peaks broaden along ω direction (the direction of ω and ω- 
2θ scans have been indicated in Fig. 2(b)), which is presumably due 
to formation of dislocations. As RTA temperatures further rises, the 
GeSn peak gradually shifts toward the fully relaxed line implying 
larger strain relaxation of the GeSn film. Additionally, for the sample 
annealed at 600 °C, the GeSn peak shows a tail along ω-2θ direction 
toward the Ge peak suggesting formation of lower Sn-content GeSn, 
which indicates Sn loss from the film. From the separation in Q// and 
Q⊥ between Ge and GeSn peaks, the lattice constant of the GeSn 

parallel (a//GeSn) and perpendicular(a⊥GeSn) to the substrate plane can 
be calculated by [45]: 

= +a
Q Q

Q
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Ge GeSn
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where aGe = 0.5658 nm is the lattice constant of the Ge substrate. The 
peak position (Q//, Q⊥) at which maximum diffraction intensity lo-
cates is used for calculation. The bulk lattice constant of GeSn 
(a0GeSn) can be then obtained by: 

= +
+
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where υGeSn = 0.262[21] is the respective [100] Poisson’s ratio of GeSn 
and is estimated by interpolating the values of Ge (υGe = 0.26) and α- 
Sn (υSn = 0.29). The Sn content (x) of the GeSn film could conse-
quently be deduced by: 

=x
a a

a a
,GeSn Ge

Sn Ge

0

(4) 

where aSn = 0.6489 nm is the lattice constant of α-Sn. Based on Eqs. 
(1)–(3), the in-plain strain (ε//) and out-of-plane strain (ε⊥) of GeSn 
could be calculated by: 

=
a a
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,GeSn GeSn

GeSn
//

// 0

0 (5)  
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Ultimately, the strain relaxation (R) of GeSn can be acquired by: 

Fig. 2. Asymmetric (224) XRD-RSMs of GeSn on Ge sample after RTA at (a) 350 °C, (b) 400 °C, (c) 500 °C, (d) 550 °C and (e) 600 °C. GeSn peaks centered on the black and red dashed 
lines indicate that the GeSn films are fully strained and fully relaxed to Ge substrate, respectively. (f) Dependence of Sn content (black curve) and degree of strain relaxation (red 
curve) of the GeSn films extracted from XRD-RSMs on RTA temperature. 
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Table 1 summarizes the Sn content (x), in-plane strain (ε//), out- 
of-plane strain (ε⊥) and strain relaxation (R) of the GeSn films after 
RTA at different temperatures extracted from the XRD-RSMs based 
on Eqs. (1)–(7). The dependence of Sn content (black curve) and 
strain relaxation (red curve) on RTA temperature is plotted in  
Fig. 2(f). The GeSn film maintains fully compressive strain with a Sn 
content of 6.62% after RTA at 350 °C. As annealed at 400 °C, the Sn 
content slightly decreases to 6.61% and the in-plane strain decreases 
from − 0.96% to − 0.81% corresponding to a strain relaxation of 
15.76%. After RTA at 500 and 550 °C, the Sn content of the GeSn film 
drops to 6.57%, the in-plane strain relaxes to − 0.69% and − 0.65% 
corresponding to a strain relaxation of 27.52% and 31.99%, respec-
tively. For the sample annealed at 600 °C, the Sn content further 
reduces to 6.40% indicating Sn segregation from the film. A strain 
relaxation of 58.75% occurs resulting in an in-plane strain of − 0.38% 
in the GeSn film. 

The XRD-RSM results indicate that the strain relaxation of GeSn 
can be enabled by RTA at 400 °C or higher. However, Sn loss occurs 

during RTA at high temperature. To study the evolution of GeSn 
surface morphology after RTA, AFM scans were then conducted.  
Fig. 3 compares the surface AFM images of the GeSn samples an-
nealed at different temperatures. An area of 5 × 5 µm2 is randomly 
selected for each sample for measurements. The surface of as-grown 
sample is very smooth exhibiting a roughness root-mean-square 
(RMS) of 0.56 nm, as shown in Fig. 3(a). After RTA at 350 °C, the 
sample maintains a flat surface with a roughness RMS of 0.54 nm, as 
displayed in Fig. 3(b). For the sample annealed at 400 °C (Fig. 3(c)), 
cross-hatched pattern appears with a surface roughness RMS of 
0.49 nm. The formation of cross-hatched pattern confirms strain 
relaxation through gliding of dislocations along < 111 > facets [46], 
agreeing well with the XRD-RSM result. As annealing temperature 
elevates to 500 °C (Fig. 3(d)), some nano-holes were observed along 
with the cross-hatched pattern. The surface roughness rises to 
1.14 nm. From the XRD-RSM result, it is found that the Sn content of 
GeSn film slightly decreases from 6.61% to 6.57% after RTA at 500 °C. 
The formation of nano-holes can be ascribed to Sn desorption con-
sequently. For the sample annealed at 550 °C, the surface is deco-
rated with nano-trenches and clusters due to stronger Sn 
segregation and migration [38] resulting in a surface roughness RMS 
of 3.04 nm, as shown in Fig. 3(e). After RTA at 600 °C (Fig. 3(f)), the 
surface is covered by nano-islands and holes due to severe Sn seg-
regation and migration [38]. The surface roughness RMS dramati-
cally goes up to 9.20 nm. 

From AFM scans, it is indicated that Sn is released from the GeSn 
film and migrates on the surface during RTA at high temperatures. To 
further investigate the influence of thermal treatment on the surface 
region of the GeSn samples, Raman spectra were taken using a 
532 nm laser as excitation light, which has a penetration depth 
of <  20 nm in GeSn. Fig. 4(a) shows the Raman spectra of the as- 
grown sample and samples after RTA at 350–600 °C. The resolution 

Table 1 
List of Sn content (x), in-plane strain (ε//), out-of-plane strain (ε⊥) and strain relaxation 
(R) of GeSn films after RTA at different temperatures extracted from the XRD-RSMs.       

T (°C) x (%) ε// (%) ε⊥ (%) R (%)  

150 (As-grown)  6.62  -0.96  0.68 0 
350  6.62  -0.96  0.68 0 
400  6.61  -0.81  0.58 15.76 
500  6.57  -0.69  0.49 27.52 
550  6.57  -0.65  0.46 31.99 
600  6.40  -0.38  0.27 58.75 

Fig. 3. Surface morphology of (a) as-grown sample and samples after RTA at (b) 350 °C, (c) 400 °C, (d) 500 °C, (e) 550 °C and (f) 600 °C taken by AFM using tapping mode. The scan 
area is 5 × 5 µm2. 
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of the Raman system is 1 cm−1 giving an error within ±  0.5 cm−1. The 
peak located between 290 and 300 cm−1 in each plot involves both of 
Ge-Sn and Ge-Ge modes from GeSn. Through Lorentz fitting, the 
peak position of Ge-Ge mode can be extracted. The peak position of 
Ge-Ge mode from bulk Ge has been indicated as the vertical dash 
line in Fig. 4(a). The red solid line in Fig. 4(b) shows the extracted 
shift of Ge-Ge peak position of GeSn relative to that of bulk Ge as a 
function of RTA temperature. According to previous reports, the 
Raman spectral shift (Δω) is related to the in-plane strain (ε//) and 
the Sn content (x) [47]: 

= +ax b ,// (8) 

where a = − 83 cm−1 is the Raman-Sn content coefficient and 
b = − 375 cm−1 is the Raman-strain shift coefficient. The incorpora-
tion of Sn and tensile strain in GeSn would lead to a negative Raman 
spectral shift, and a positive shift for compressive strain. The black 
dash line with triangular data points and blue dash line with square 
data points represent the calculated Δω of fully strained GeSn and 
fully relaxed GeSn using the Sn content in Table 1 by Eq. (8), re-
spectively. As can be seen, the Δω of as-grown sample and sample 
annealed at 350 °C approximates the fully strained value, agreeing 
well with XRD measurement results. For GeSn film annealed at 
400 °C, Δω is still located near the fully strained value, although a 
strain relaxation is detected by XRD-RSM. The result indicates that 
the strain relaxation mainly occurs in the region near the GeSn/Ge 
interface. For the sample annealed at 500 °C, the measured Δω is 
close to the fully relaxed value. However, based on the Sn content 
and in-plane strain from XRD-RSM results, Δω should be much less 
negative. According to Eq. (8), the negative shift of Δω can be at-
tributed to enriched Sn content. The Sn content is observed to be 
higher in the surface region and this may result from Sn outdiffusion 
during RTA at 500 °C. As RTA temperature further rises to 550 and 
600 °C, Δω gradually becomes less negative mainly due to Sn seg-
regation on surface although the strain relaxation increases. 

To characterize the crystal quality of the GeSn films after thermal 
treatment, TEM images are taken from the samples after RTA at 350 
and 500 °C. Fig. 5(a) displays the cross-sectional TEM image of the 
sample after RTA at 350 °C. A smooth and sharp interface between 
GeSn and Ge can be observed. The thickness of GeSn is verified to be 
~ 200 nm. Fig. 5(b) shows the HRTEM image of the GeSn/Ge inter-
face. The interface is free of misfit dislocations again confirming that 
GeSn is coherently grown on Ge. The inset shows the selected area 
electron diffraction (SAED) pattern taken from the red circular re-
gion in Fig. 5(a). The well-ordered diffraction pattern indicates a 
tetragonal symmetry. Fig. 5(c) zooms in on the SAED pattern of  
Fig. 5(b) near the (224) diffraction spot. Two sets of diffraction 
patterns from GeSn and Ge can be recognized. The GeSn diffraction 

spots lie vertically below the Ge diffraction spots due to equal in- 
plane lattice constant. The cross-sectional TEM and HRTEM images 
of the sample after RTA at 500 °C are displayed in Fig. 5(d) and 5(e), 
respectively. Clear misfit dislocations at the GeSn/Ge interface and 
dislocation loops adjacent to the GeSn/Ge interface are observed. It 
should be noticed that the dislocations are confined within the 
~ 50 nm region adjacent to the GeSn/Ge interface. No Sn precipitate 
or Sn segregation is detected over the cross section. Fig. 5(f) shows 
the zoomed-in SAED pattern of the inset in Fig. 5(e) taken from the 
red circular region in Fig. 5(d) near the (224) diffraction spot. For 
asymmetric lattice planes, the GeSn diffraction spots locates be-
tween the fully strained line (vertical direction) and the fully relaxed 
line (red dash line). The results affirm that the strain in GeSn film is 
partially relaxed without Sn segregation after RTA at 500 °C. 

From Raman spectra, it is recalled that the sample annealed at 
500 °C has highest Sn content in the surface region among all 
samples. To further explore the elemental distribution of the GeSn 
film, Ge and Sn depth profiles are taken by EDS line scans for the 
samples annealed at 350 and 500 °C, as shown in Fig. 6. For the 
sample annealed at 350 °C, Ge and Sn are distributed uniformly in 
the film with a Sn content of ~ 6.6% agreeing well with the XRD-RSM 
result. After RTA at 500 °C, Sn diffuses away from the GeSn/Ge in-
terface toward sample surface and Ge substrate. The Sn content in-
creases linearly from ~ 6% at depth of 175 nm to ~ 10% on sample 
surface. The results indicate that interdiffusion of Sn and Ge atoms 
occurs along with generation of misfit dislocations during RTA at 
500 °C. The interdiffusion of Sn and Ge atoms is driven by the me-
tastability of the GeSn film under thermal treatment. From XRD RSM 
and cross-section TEM images, no Sn segregation or precipitation is 
detected. It is inferred that Sn atoms alloy with Ge atoms in the 
surface region, which is probably promoted by the strain relaxation. 
The strain-relaxation-enhanced incorporation of Sn in GeS has been 
reported in CVD growth GeSn [48]. 

To further study the influence of thermal treatment on the op-
tical property of the GeSn film, PL measurements were carried out. 
The spontaneous emission was excited by a 1064  ±  2 nm continuous 
laser with a spot size of ~ 120 µm and was collected by an InGaAs 
photodetector. Lock-in technique was employed to improve the 
signal to noise ratio at a reference frequency of 320 Hz. Fig. 7(a) 
compares the PL spectra of the as-grown sample and samples an-
nealed at 200–600 °C under an excitation power of 530 mW (cor-
responding to a power density of ~ 4.69 kW/cm2). The samples 
exhibit broad emission spectra between 1400 and 2400 nm with 
several peaks. The peak around 1600 nm is emitted from Ge direct 
bandgap [49], which comes from Ge region near GeSn/Ge interface. 
The emitted wavelength of Ge direct bandgap is a bit longer than 
expected probably due to existence of tensile strain induced by 
lattice mismatch between GeSn and Ge. After RTA at 400–600 °C, the 

Fig. 4. (a) Raman spectra showing intensity versus wavenumber of as-grown sample and samples after RTA at 350–600 °C; (b) Dependence of Raman spectral shift for Ge-Ge 
mode of GeSn film on the RTA temperature. 
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peak position of Ge shifts to longer wavelength, which can be as-
cribed to diffusion of Sn into the Ge substrate after RTA at high 
temperature as confirmed in Fig. 6. As RTA temperature increases, 
the PL intensity and peak position in the range of 1800–2400 nm 
change appreciably. To quantitatively analyze the PL spectra, Gaus-
sian fitting was carried out for each PL spectrum. Fig. 7(b) and 7(c) 
show the fitting results of PL spectra from as-grown sample and 
sample after RTA at 500 °C, respectively. The PL spectrum of as- 
grown sample can be decomposed into four peaks [50]: P1@ 
1588 nm, P2@1934 nm, P3@2125 nm and P4@2164 nm from direct 

bandgap of Ge, direct bandgap of GeSn, 2nd order diffraction of 
pumped laser by the blaze grating and indirect bandgap of GeSn, 
respectively. To facilitate analysis of the optical property of GeSn, the 
indirect bandgap emission of Ge at around 1800 nm, which is 
weaker than the direct bandgap emission in tensile-strained Ge [51], 
is neglected. After annealing at 500 °C, P1 and P2 shifts to 1638 nm 
and 2088 nm, respectively. Due to detector cutoff at around 
2300 nm, P4 can be only partially detected for sample annealed 
at 500 °C. 

The black curve in Fig. 7(d) summarizes the dependence of PL 
peak energy from direct bandgap of GeSn (P2) on RTA temperatures. 
After RTA at 200 and 350 °C, the PL peak positions keep at around 
0.640 eV, similar to that of as-grown sample, since the GeSn film is 
still fully strained after RTA at 200 and 350 °C. As RTA temperature 
increases to 400 and 500 °C, the P2 PL peak energy shifts to 0.615 
and 0.594 eV, respectively, probably due to strain relaxation of GeSn 
and increased Sn content in surface region of GeSn. Both strain re-
laxation and enriched Sn content in GeSn decrease the bandgap of 
GeSn. After RTA at 550 and 600 °C, the competitive effects of Sn 
segregation and strain relaxation, which lead to increase and de-
crease of GeSn bandgap [20], respectively, result in P2 peak energies 
of 0.600 and 0.595 eV, respectively. The red curve in Fig. 7(d) dis-
plays the P2 PL integrated intensity of the GeSn samples as a func-
tion of RTA temperature. After RTA at 200 and 350 °C, the PL 
intensity slightly increases compared to that of as-grown sample due 
to slight improvement of crystal quality. After RTA at 400, 500, 550 
and 600 °C, the PL intensity is enhanced by ~ 2.1, ~ 7.8, ~ 4.8 and ~ 2.9 
fold compared to that of as-grown sample, respectively, although 
misfit dislocations and threading dislocations are generated. The 

Fig. 5. (a) Cross-sectional TEM image of GeSn sample after RTA at 350 °C. (b) HRTEM image taken from the GeSn/Ge interface of the as-grown sample. The inset shows the SAED 
from the red circular area in Fig. 5(a). (c) Enlarged image of the SAED pattern in Fig. 5(b) around the (224) diffraction spot. (d) Cross-sectional TEM image of GeSn sample after RTA 
at 500 °C. (e) HRTEM image taken from the GeSn/Ge interface of the sample annealed at 500 °C. The inset shows the SAED from the red circular area in Fig. 5(d). (f) Zoomed-in 
image of the SAED pattern in Fig. 5(e) around the (224) diffraction spot. 

Fig. 6. Ge and Sn depth profiles showing the atomic percentages of Ge and Sn, taken 
from EDS line scan of GeSn sample after RTA at 500 °C. 
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enhanced PL intensity may be due to improvement of material 
quality and strain relaxation in GeSn. It has been reported the sub-
stitution of implanted dopants in Ge or Sn lattices can be done at 
400 °C [52]. Hence, the high temperature process may repair the 
abundant point defects produced during low-temperature MBE of 
GeSn, which reduces the nonradiative recombination process. The 
relaxation of compressive strain enhances the GeSn direct bandgap 
emission relative to the indirect emission [20], which leads to higher 
occupation probability of electrons in Г valley. 

It is noticed that the GeSn sample has a maximum PL intensity 
after RTA at 500 °C. To further explore the light emitting property of 
the sample, power-dependent PL spectra were collected. Fig. 8(a) 
and 8(b) show the PL spectra of as-grown sample and the sample 
after RTA at 500 °C under pumping power of 172–530 mW (power 
density of 1.52–4.69 kW/cm2), respectively. As pumping power in-
creases, the PL intensities from both Ge and GeSn increases. How-
ever, the Ge emission peak shows a red shift with increased pumping 
power due to Joule heating effect [53] by the pumping laser. The 
increase of sample temperature leads to reduction of Ge direct 
bandgap thus the red shift of PL peak. However, the PL peak position 
of GeSn direct bandgap appears to be less sensitive to the pumping 
power. One possibility could be a competition between band filling 
effect and Joule heating effect under large injection, since most of 
photogenerated carriers are injected into GeSn and the energy dif-
ference between Г and L valleys of GeSn is smaller than that of Ge. 
The black and blue curves in Fig. 8(c) depict the variation of in-
tegrated PL intensity of GeSn direct bandgap versus the pumping 
power for as-grown sample and the sample after RTA at 500 °C, re-
spectively. As pumping power increases, the integrated PL intensity 
from both samples increases superlinearly. The red curve in Fig. 8(c) 
shows the ratio of the integrated PL intensity from GeSn direct 
bandgap between sample after RTA at 500 °C and the as-grown 

sample as a function of the pumping power. Under pumping power 
of 172, 270, 390 and 530 mW, the intensity ratio is around 22.8, 11.2, 
8.7 and 7.8, respectively. The results indicate that the sample an-
nealed at 500 °C has much higher light emitting efficiency than that 
of as-grown sample, especially under low injection conditions. The 
results indicate that RTA can be an effective approach to enhance the 
light emitting property of GeSn. 

The dramatically enhanced light emitting efficiency of GeSn 
sample after RTA at 500 °C may be mainly attributed to the following 
two contributions. First, the thermal treatment at 500 °C may repair 
the point defects in GeSn and enables the relaxation of compressive 
strain, which suppresses the nonradiative combination process and 
reduces the energy difference between Г and L valleys, respectively, 
as mentioned above. Another possible factor contributing to the 
enhanced PL intensity of GeSn annealed at 500 °C is formation of Sn 
gradient. As analyzed in Fig. 6, the Sn content gradually increases 
from ~ 6% at depth of 175 nm to ~ 10% on sample surface, which 
naturally forms a Sn-component-gradual (SCG) heterojunction in 
GeSn, as shown in Fig. 8(d). The SCG heterojunction has lower en-
ergy for electrons in Г valley and holes in heavy hole (HH) valence 
band [54] in the surface region rendering spontaneous transporta-
tion of optically pumped carriers from GeSn/Ge interface to the 
surface region. The carriers are confined at the surface region with 
high crystal quality reducing the nonradiative recombination pro-
cess at the defective region near the GeSn/Ge interface. Meanwhile, 
the GeSn film has higher light emitting efficiency in the surface re-
gion due to higher Sn content, since the energy difference between Г 
and L valleys reduces with increasing Sn content resulting in higher 
occupation probability of electrons in the Г valley. Additionally, the 
spontaneous emission near the surface region also reduces the self- 
absorption [49] process in GeSn thus increasing the light extraction 
efficiency from GeSn. 

Fig. 7. (a) RT PL spectra showing PL intensity versus wavelength of as-grown sample and sample annealed at 200–600 °C. Decomposition of the PL spectra for (b) as-grown 
sample and (c) sample annealed at 500 °C using Gaussian fitting. P1, P2, P3 and P4 are from direct bandgap of Ge, direct bandgap of GeSn, 2nd order diffraction of pumped laser 
and indirect bandgap of GeSn, respectively. (d) Peak energy (black curve) and integrated intensity (red curve) of direct bandgap luminescence of GeSn as a function of RTA 
temperature. 
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4. Conclusion 

In summary, the influence of rapid thermal annealing (RTA) on 
the structural and optical properties of 200 nm pseudomorphic GeSn 
film on Ge (001) substrate grown by low-temperature molecular 
beam epitaxy (MBE) has been investigated. The GeSn film maintains 
fully strained state after RTA at temperatures up to 350 °C. Under 
RTA at 400–500 °C, the strain relaxation of GeSn film is enabled due 
to generation of misfit dislocations and increases with increasing 
temperature. Outdiffusion of Sn is observed in GeSn after RTA at 
500 °C. At annealing temperatures of 550 °C or higher, Sn segregation 
occurs along with the strain relaxation. The PL intensity of the an-
nealed samples is enhanced compared to that of as-grown sample 
probably due to improved crystal quality and strain relaxation (for 
annealing at temperatures above 350 °C) of GeSn. It is found that the 
GeSn sample annealed at 500 °C has a maximum PL intensity, which 
may be attributed to formation of a SCG heterojunction with highest 
Sn content in surface region. The photogenerated carriers are con-
fined in the surface region resulting in dramatically enhanced light 
emitting efficiency, which can be ascribed to enlarged occupation 
probability of carriers in Γ valley, reduced self-absorption of GeSn in 
the surface region and reduced nonradiative recombination pro-
cesses near the GeSn/Ge interface. The results indicate that RTA can 
be a simple but effective approach to improve the light emitting 
property of GeSn grown by low-temperature MBE. 
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