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We will introduce ouGer«Sry epitaxial growth process and we will
illustrate its material quality by the performance of photodetectors
containinga GefGei«xSn/Ge quantum well with fully straine@e;-

xSrk layers. The photodetector responsivity in the short-wave
infrared increases with Sn concentration, due to the shrinkage of the
band gap. The use of multi guantum wells leads to a higher detector
responsivity as the total absorption layer thickness is increased
without undesired strain relaxation. The useGai«Sr« as direct
band gap material is expected to boost the efficiency of Ge based
photodetectors even further but it requires rela@eghSn layers.

An improvement of the surface quality of the epitaxdal xSrx in

terms of Sn agglomeration has been achieved by freezing Sn atoms
(which is realized by usinghigh precursor partial pressure and the
surfactant effect of hydroggimnto the subsurface of th@er-xSn
layers.

Introduction

GexSn, agroup IV alloy, isan attractive material for implementation in both electrical

and optical devices due to its excellent material properties as described below. Using
compressively straine@e«Snc as a channel, high performance pMOSFETs (Metal-
Oxide-Semiconductor field effect transistorsy@d#&een reported [1,2]. This is attributed

to the hole mobility enhancement due to compressive strain from the Ge substrate. For an
NMOSFET,a Ge.xSrk buffer layer, which haa larger lattice constant than bulk Ge, can

be used as a stressor to create a biaxial tensile strained Ge channel to boost electron
mobility [3,4].

On the other hand;e. xS has also gathered attention as a promising candidate as an
active material in optical interconnect applications using optical devices such as lasers and
photodetectors. The direct band gap of pure Ge corresponds to the favorable wavelength
of 1.55 pum for optical communication. In addition, the introduction of Sn (which has a
smaller band gap than Ge) into the Ge lattice enables to stwioknd gap. As a result,
photodetectors with high responsivity over the complete telecommunication wavelength
window by the shift of the absorption spectrum to longer wavelengths can be realized.
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The strain state in thB8eixSr layers has to be taken into account becaus@¢hgsry
active region in the photodetector is grownamismatched (Ge on) Si substrate. Both
relaxedGer-xSrk and compressively strainégke; «Srk have a smaller band gap than pure
Ge [5]. On one hand fully strained GeixSrk layer is favorable to prevent unwanted
recombination of electron-hole pairs at dislocations which are generated in case of strain
relaxation of the film. On the otheathick achieve region is required to achieMeigher
photodetector responsivity. To achieve the thick active region without the introduction of
dislocations, we proposed GexSrk based strained multi quantum well (QW)
photodetector structure [6].

Sn is a direct band gap material. Therefore, for sufficiently high Sn incorpor@gon,
xSrk is predicted to become a direct band gap material [5,7]. Thanks to both the band gap
shrinkage by Sn incorporation and the transition to a direct band gap material, a drastic
enhancement of the photodetector responsivity is expected. According to our theoretical
calculations [5], fully strain relaxe@e,xSrk becomes a direct band gap material if the
substitutional Sn exceeds around 11%. In contrast, when the layer experiences compressive
strain, the critical Sn content to achieve the direct transition increases in comparison to the
fully strain relaxed case. Therefore, strain relaxation of @&xSnc layer with a
sufficiently high (>11%) Sn content is necessary to achieve the transition from indirect to
direct band gap materialhe required high Sn content exceeds the solubility limit of Sn
into Ge. Still, many groups succeeded to develop suitable fabrication schemes for the
epitaxial Ge..xSn« growth [8-11]. However, it is still necessary to address layer quality,
such as the surface morphology and defects (like dislocations, and Sn precipitations),
especially for thick relaxe@e-xSrk layers.

One obvious option to obtamhighly strain-relaxed epitaxidbe;xSn layer with a
high Sn content is to increase its thickness. To obtain a sufficiently high degree of
relaxation (DSR), the thickness of tk&e.xSn layer hasto be far above the critical
thickness for strain relaxation. Even thicker layers are necessary to reduce the threading
dislocation density [12]. These layers are expected to be sufficiently thick, as needed in
high efficiency optical devices. Sn segregation to the growing surface during epitaxial
growth is a well-known problem [13]. It results®m agglomerations on the surface when
a thick layer is grown. The Sn agglomeration is the result of the collisions among Sn atoms
on the surface. Therefore, we focused on the freezing of Sn atoms into the subsurface
during Ge-xSrx growth.

In this paper, we first illustrate the material quality of our epita@al.Sn. layer by
the performance of photodetectors containing single and mulBdsg&n/Ge quantum
wells with fully strainedseixSrlayers. Because, direct band gap material are expected to
boost the efficiency of Ge based photodetectors even further, we will also address the
surface quality of the epitaxi@er xS in terms of Sn agglomeration and the impact of the
epitaxial growth conditions on this Sn surface agglomeration.

Experimental
GewxSrk layers were grown by atmospheric pressure CVD in a 200 mm Epsilon-like

equipment from ASM [9]. Befor&e xSn growth, the Ge substrates or Ge buffered Si
substrates received ar-situ HF (2%) wet etch and am-situ bake in H at 650°C and
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5.3x1C Pain order to obtain a clean, O and C free starting surfacgd63&% diluted in

H2) and SnCj (supplied by H bubbling) were used as precursor gases. Sn contents and
DSR were estimated from X-ray diffraction two dimensional reciprocal space map (XRD-
2DRSM) results.

Figure 1 shows X-ray diffraction (XRD) measurement together with the modeling for
a 25 nm-thickGey.93Smy o7 layer. The XRD measurement reveals a pseudomorphic growth
of the Gey.93S.07 layer on top of Ge buffer layer. Comparing with the modeling of the
layers on a Ge substrate, we obtain a good correlation, showing a high crystallographic
quality of theGerxSn/Ge heterostructure. Bright photoluminescence (PL) also confirms
the good material quality in terms of low defectivity [14].

Geg.93SNg.o7

Intensity (a. u.)

omega-2theta (deg.)
Figure 1. Measured (solid line) and simulated (dotted line) XRD (0029 scan ofa
strained QW containing a 25 nm §3e5n.07 layer embedded within a virtual Ge substrate
and a 100 nm Ge cap layer.

Results and discussion

GeLxSn OW photodetectors

Single QW Ge1xSnc photodetector. In order to investigate the dependence of the QW
photodetector responsivity on the Sn content, we fabricated sQu¥e GexSn
photoconductors with various Sn contents [6]. 40 nm thick fully straBedSry layers,
which havea Sn content of O (pure Ge), 5 and 9%, were grown on ®.ghjck Ge buffer
layers grown on Si substrates. ThexSrk layers were capped with 50 nm thick pure Ge
layers. Au/Ni comb electrodes were deposited oS QW structure, and the photo
responsivity was measured by the material conductivity change through the absorption of
light with variable wavelength.
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Figure 2. Normalized responsivity of single quantum v&#..Sn« photodetectors with
different Sn content as a function of wavelength.

Figure 2 shows the photoconductor responsivity measured by photoconductivity
measurement on the single Q¥¢..xSn photodetectors with different Sn contents [6]. The
detectable wavelength range is expanded with Sn introduction due to the band gap energy
shrinkage. As a result, the responsivity increases with Sn content. The band gap values
were estimated from the intersection with the zero absorption in linear plotting of the
responsivity spectrum. The values are 0.63 eV and 0.57 eV for fully strGase&n
layers with Sn content of 5% and 9%, respectively. These values are smaller than the values
predicted by our theoretical calculations [5]. The reason for this discrepancy can be
understood as follows. The 0.5 um Ge buffer layer has tensile strain of 0.17% introduced
by the thermal expansion mismatch between Ge and Si. Therefore, the coherently grown
GewxSrk layer on top of the tensily strained Ge buffer layer s gerin-plane lattice
constant tham pseudomorphi€er-xSry layer grown on strain free Ge, which is assumed
in the theoretical calculation. An increase of iinglane lattice constant of th@&e; xSk
layer makes the direct band gap smaller [5].

Multi-QW Ger.xSrk photodetectors. As the photodetector responsivity is expected to
increase with increasingGe.xSn thickness, we assessed the impact of the total thickness
of the absorption region on the responsivity by using multi-@&4Sn: layer structures.

Multi QW structures enable to increase the thickness of the str@eaed®n. adsorbing

layer while preventing the unwanted formation of misfit dislocations [15]. Again, the QW
structures were grown on 0.5 um thick Ge buffered Si substrates. Each QW consists of a
20 nm thick fully straine@e.xSrx layer with a Sn content of 10% and a 100 nm thick Ge
barrier layer. The tot&be xSrx thickness was increased by increasing the number of QWs
(from O to 3).
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Figure 3 shows the responsivity measured by photoconductivity measurement on the
multi-QW GexSnc photodetectors with different number of QWs [6]. A higher
responsivity is observed for the structure vathgher number of QWSs. The detectors cut
off at 2.4 um. The actual responsivities measured by surface illumination with several light
sources for the 3 QW photodetector are 2, 1, 0.3 and 0.1 A/W at 0.75, 1.5, 1.75 and 2.2 um,
respectively. In comparison with the 0 QWs photodetector, the 3 QWs photodetector has
an approximately 2 times higher actual responsivity aftin5
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Figure 3. Normalized responsivity of multi-Q®&e.xSn photodetectors with Sn content
of 10% and alifferent number of QWSs as a function of wavelength.

Sn Surface agglomeration

Anothe option to increase the photodetector responsivity is by using a direct band gap
material as an active region. A redakGe, xSk layer witha sufficiently high Sn content
is predicted to become a direct band gap material [5]. However, Sn surface agglomeration
needs to be suppressed during the growth of thick rel@aeedsn: layers. As mentioned
above, Sn surface agglomeration is the result of the collision among Sn atoms on the
growing surface. To suppress it, the Sn surface atoms need to be frozen during the epitaxial
GewxSnx growth. It is expected that Sn surface migration can be reduced byaumsgiger
growth rate and/or by using surfactant atoms. In addition, it is expected that the choice of
the carrier gas (Nversus H) affects both Sn segregation toward the surface as well as the
surface Sn migration because of the surfactant effect of hydrogen [16] and the surface H-
termination, respectively

Gew xSy layers with a nominal Sn content of 10% were grown on 100 mm Ge substrates

The target thickness of tli&e xS layers is 200 nm. Nand H were used as carrier gases
with flows ranging from 10 to 40 slm. The used carrier gas flow and precursor partial
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pressures (PPs) for each samples are summarized with measured growth rate, Sn content
and DSR in Table 1.

TABLE I. Growth conditions used to assess Sn surface agglomeration during epitaxial
GexSrk growth by CVD.

Sample Carrier gas GeHs SnCly
name Flow (dm) PP (Pa) PP (Pa)

M easured Measured Measured
Growth Rate  Sn content DSR

(nm/min) (%) (%)
20N-1 20 (Np) 24.7 4.0 315 9.6 17
10N-2 10 (N) 91.6 11.1 33.0 10.7 50
20N-2 20 (N 48.1 5.8 37.7 11.2 20
40N-2 40 (Np) 24.7 3.0 32.2 6.8 and 1.5 -
10H-2 10 (H) 91.6 111 48.3 9.1 4
20H-2 20 (H) 48.1 5.8 43.2 9.1 63
40H-2 40 (H) 24.7 3.0 37.0 8.0 2

Figure 4 shows th&e,xSn surface grown with different precursor flows in&nbient
(sample 20N-1 and 20N-2). The: gas flow was 20 slm for both. As indicated by the
arrows, the surface of the sample grown at a lower growth rate (Fig. 4a) has small and large
white regions, which are the footprint of the Sn surface agglomeration. On the other hand,
the sample grown at a higher growth rate (Fig. 4b) has a smooth surface except for a large
white region at the center. This large white region appears only a limited region and might
be caused by inefficient drying which was done manually after the wet HF treatment
Microscope inspections revealed that the shiny part on the wafeessmagoth surface
without Sn agglomerations. This result indicates that theshmgiecursor PPs, which result
in a highergrowth rate, can suppress the Sn surface agglomeration by freezing Sn atoms
into the subsurface.

(@)

Figure 4. Surface dbe.xSrx layers grown in lambient with (a) low precursor PP (sample
20N-1) and (b) high precursor PP (sample 20N-2). The insets show microscope images
taken on the shiny part and the white region on the surface as indicated by dotted arrows.
Solid arrows indicate some of white regions. The reflection of the clean room ceiling and
the camera (ot related to the wafers) are also visible on the surface.
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Figure 5 illustrates the impact of the darrier gas flow on th&e,xSr surface quality
(sample 10N-2, 20N-2 and 40N-2). Fiys20N-1 (Fig. 4a) and 40N-2 (Fig. 5abviously
havea different surface morphology, although they were grown with the $aetés PP
and at very similar growth rates. The very weak XRD peak (not shown) and the microscope
inspection revealed that the surface of 40N-2 is polycrystalline. In addition, Sn
precipitation occurred in the 40N-2 sample because two peaks correspondin@te. the
xSrk layers with 6.8% and 1.5% were observed in the XRD-2DRSM measurement.

Second, the impact of the precursor PP changed by:tlarNer gas flow on the Sn
surface agglomeration cannot be clearly seen. As mentioned above, the large white region
on the 20N-2 (Fig. 4b and 5b) might be due to inefficient drying. The growth rates of 20N-

2 is higher than that of 10N-2 (37.7 and 33.0 nm/min, respectively), although the precursor
PP is lower for 20N-2.

If N2 is used carrier gasagturbulence might occur, due to the high density and the
low thermal conductivity of N In the higher N flow case, the turbulence flow easily
occurs (p.98 in Ref. 17), and which resulbsthese non-predictable results. The gas
turbulence complicates process control especially for susdnsitiveGerxSrnc growth
process.

@

Figure 5. GexSn surface for epitaxial layers grown irp Bnvironment (a) 10 simN
(10N-2), (b) 20 slm MN(20N-2) and (c) 40 slm N40N-2).

Figure 6 shows th&e«xSr surface for different Fcarrier gas flows (sample 10H-2,
20H-2 and 40H-2). The growth rate increases with decreasirfipW (Table I). This
indicates that no turbulence happens if the,Sa proceeds in b

The lower H flow case has a high density of small white spots caused by Sn
agglomeration, despite of the higher growth rate (sample 1@#y26a). This result is
repeatable. In addition, a large white region corresponding to polycrystalline material is
observed on the surface. We believe that this is caused by a too high supply of precursors

683
Downloaded on 2014-11-04 to IP 146.103.254.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 64 (6) 677-687 (2014)

resulting in this epitaxial breakdown with Sn agglomerations as observed by the
microscope inspection.

Before we discuss the observations as seen for the samples grown at hidwes H
(Fig. 6b and 6¢)we will first briefly introduce the velocity boundary layer thickness and
its variation as function of the different growth conditions (p. 137 in Ref. 17). The velocity
boundary layer is defined as the layer between the substrate surface and the constant gas
flow region in the reactor. The velocity of the gases is constant at the region far from the
substrate/susceptor. However, it is well known that it is reduced near the
substrate/susceptor. The velocity boundary layer thickfégs,s given as [17]:

3(X) = 4.64 (ux pUo)%° [1]

where, 1 denotes the viscosity coefficient of the carrier gas, x denotes the position from
the edge of susceptor along the gas flow, @dénotes the density of the carrier gas. U
denotes the gas velocity in the constant gas flow region and is mainly defined by the carrier
gas flow. The precursor gases diffuse toward the substrate from the constant gas flow
region over the substrate via the velocity boundary layer. The velocity boundary thickness
is helpful to consider the supply of precursor gases toward the substrate in different carrier
gas conditions.

The increase in carrier gas flow might affect the growth characteristics in several ways.
First, the higher gas flow leads to an increase in gas velocity and a reduction in the thickness
of the velocity boundary layer. This is expected to result in a faster supply of both the Ge
and Sn precursor gases (or of their reactants) to the growing surface. Second, a higher
carrier gas flow, reduces the PPs of the both the Ge and Sn precursors. Both of them might
affect the Sn incorporation in the layer. Experimentally, we observed that & ¢hrrier
gas, an increase in carrier gas flow results in a reduced Sn incorporation in the epitaxial
layer (Table ).

Because of the lower density of; khe velocity boundary layer is thickeorfH:
compared to B Nevertheless, th@e.xSrk growth rate is higher if His used as a carrier
gas. For the chosen process conditionsGaeSn growth proceeds in the mass-transfer
regime.The observed increase in growth rate usingakl carrier gas therefore indicates
that higher amounts of precursor gases reach the growing surface. This is explained by
their higher gas diffusion coefficient inHn addition, the H-termination of the growing
surface is expected to be higher in ehvironment. Experimentally, we observed a
reduction in Sn incorporation if\Nas carrier gas is replaced by. H

Because of the higher growth rate and the surfactant effeldt [@6], Sn surface
agglomeration is expected to be lowelGé&. xS growth proceeds in Henvironment.
However, we observed a higher degree of Sn agglomerations on the surface for layers
grown with 20 sIm H(Fig. 6b) than those grown with 20 slm (¥ig. 5b). There is a need
for a better fundamental understanding of the detailed reaction mechanism of the epitaxial
growth process as well as of the impact of the carrier gas on this reaction mechanism. In
addition, the behavior of the precursor gases during the diffusion through the velocity
boundary layer and the impact of cleaning/drying efficiency on the Sn surface
agglomeration needs a better understanding.
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A higher K flow of 40 slm results in a suppression of the Sn surface agglomeration
(sample 40H-2, Fig.d. This result can be understood in terms of the H surfactant effect.
The growth temperature (320°C) is close to the temperature at which adsorbed H starts to
thermally desorb from the Ge surface (340°C) [16,18]. However, the H desorption can be
suppressed by a highH> supply With increasing H flow, the velocity boundary layer
thickness reduces. The thinner velocity boundary layer enables a higbeppty to the
growing surface, although the>HPP is hardly affected. The Sn segregation should be
suppressed by the surfactant effect of surface H [16]. As our intention isndaséer-
xSrk as direct band gap material in optical devices, we measured the DSR using XRD-
2DRSM. For sample, 40H-2, which contains 8% substitutional Sn, we meaddgl of
only 2% despite of the thickness which is 240 nm which is far above the critical thickness
for layer relaxation. A post deposition annealing is needed to increase the strain relaxation.
For these layers, Sn agglomeration during post deposition anneal still needs to be studied.

Figure 6. GexSn surface for epitaxial layers grown irp Environment (a) 10 simH
(10H-2), (b) 20 slm K (20H-2) and (c) 40 slm H40H-2).

Conclusion

GexSrk has been considered as a promising candidate for both electrical and optical
devices. Previously, nMOS devices with a promising effective electron mobiNigbegn
demonstrated. In this paper, we focused on optical devices and demonstrated the increase
of the responsivity with increasing Sn content in fully straiGegd«Sn photodetectors.

This is due to the shrinkage of ti@e«Srk band gap. The smaller band gap values
compared to pure Ge for the&e xSr« layers were estimated from the responsivity
spectrum. A further enhancement of the responsivity was achieved by increasing the total
thickness of the absorbing region, using a multi QW structure to avoid strain relaxation
which would result in the introduction of unwanted dislocations.

Another option to enhance the efficiency of photodetectors is asiirgct band gap

material such as strain relax€e: «Srx with a sufficiently high Sn content (>11%) as an
active layer. The issue to be addressed is the Sn surface agglomeration which relates to the
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Sn surface segregation. The Sn surface agglomeration happens when the layer thickness is
increased to achieve high DSR amtbw threading dislocation density. We focused on
freezing Sn atoms into the subsurface dui@s.xSn layer growth by increasing the
growth rate which is experimentally done by changing the precursor PP. We found that
higherprecursor P&, enhanced by using higher precursor #oanable to suppress the Sn
surface agglomeration. In addition, we investigated the impact of the chosen carrier gas
and its flow on Sn agglomeratiolfi.Nz is used as a carrier gas, it is difficult to control the

Sn agglomeration by increasing the gas flow because of its gas properties as there is a high
risk for gas turbulence in the reactor. On the other hand; i§ Hsed as a carrier gas, a
higher B flow suppresses the Sn surface agglomeration. This can be explained by the
surfactant effect of H.

Photodetectors based on straii@el xSn./ Ge multi QW structures show promising
results. But to realize photodetectors based on direct band gap materials using3elaxed
xSry, there are still some challenges to be addressed. In particular, the layer quality has to
be improved. We have reported, especially for thick«Sa« layers, the presence of corn
shaped amorphous regions on the layer surfac&lf@se amorphous regions degrade the
guality of both electrical and optical devices and also might be a nucleation pdamt for
agglomerations. However, its origin and the solution to avoid the amorphous corn have not
been unambiguously clarified yet. Moreover, the complete prevention of Sn surface
agglomeration is still to be achieved. In terms of the optical device design, the SBained
xS multi QWSs photodetector has the benefit that they can be grown with less dislocations.
On the other hand, the strain relaxed direct band=gapSn photodetector can use a high
efficient direct transition material. We have to clarify the impact of dislocations and direct
band transition on the photodetector responsivity to achieve higher efficiency.
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