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Abstract: We report on the fabrication and electro-optical characterization
of SiGeSn multi-quantum well PIN diodes. Two types of PIN diodes, in
which two and four quantum wells with well and barrier thicknesses of 10
nm each are sandwiched between B- and Sb-doped Ge-regions, were
fabricated as single-mesa devices, using a low-temperature fabrication
process. We discuss measurements of the diode characteristics, optical
responsivity and room-temperature electroluminescence and compare with
theoretical predictions from band structure calculations.
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1. Introduction

Recent years have seen a lot of experimental effort directed towards integrating photonics
with electronics. The Group-IV elements Si and Ge are the dominating materials of
semiconductor electronics. However, their application to optoelectronics is limited due to
their indirect bandgap and the concomitant low efficiency in optoelectronic applications.
Recent experiments have, therefore, focused on the investigation of GeSn and SiGeSn alloys
that could potentially be used as direct bandgap Group-IV-materials for an efficient on-chip
integration of photonics and electronics. The relaxed alloy Gei,Sny, has been predicted to
become a direct bandgap material for y > 0.073 [1], while pseudomorphic Gei.,Sny is
predicted to have a direct bandgap for y > 0.19 [2]. A number of experimental studies have
been performed to fabricate and characterize Gei,Sny bulk [3—6] and quantum well [7]
photodetector devices. Because of the large lattice mismatch between Ge and Sn (14%), the
growth of Gei,Sny alloys with a large percentage of Sn is difficult to achieve on Si and Ge
substrates. The ternary alloy SiGeSn allows one to decouple bandgap and lattice constant [8]
and is, therefore, a particularly interesting candidate for optoelectronic applications. Several
groups have reported the successful fabrication of SiGeSn alloys by Chemical Vapor
Deposition (CVD) [9-11] and Molecular Beam Epitaxy (MBE) [12]; bulk SiGeSn-
photodiodes have been fabricated and analyzed [13]. Furthermore, a number of proposals
concerning photonic devices such as light-emitting diodes or modulators with Multi-
Quantum-Well (MQW) structures in their active regions have been made [14, 15]. For those
devices additional advantages such as a lower intensity of Auger processes have been
predicted [16].

Many suggested devices rely on the existence of high quality GeSn buffer layers with a
high concentration of Sn, proposing Gei.,Sny quantum wells with a direct bandgap in the
active layer of the devices. Here, we report on the fabrication and characterization of SiGeSn
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MQW photodiodes on Ge in order to make use of existing, well-developed Ge virtual
substrate (VS) technology. We present results on the diode characteristics, optical
responsivity and electroluminescence and extract the value of the bandgap of the well regions
from the absorption coefficient. Finally, we compare our result with theoretical predictions
from band structure calculations.

2. Layer growth and characterization

The SiGeSn MQWs are deposited by means of solid-source MBE on 4” substrates. Si is
deposited by means of an electron beam evaporator, whereas both Ge and Sn are evaporated
from effusion cells. Dopant sources are B (p-type) and Sb (n-type). Fluxes of the Sn and Ge
effusion cells, as well as of the Si electron beam evaporator, were calibrated separately and
adjusted to obtain a total growth rate of 1 A/s. The MBE layer stacks are shown schematically
in Fig. 1(a). Layer growth started with 400 nm of B-doped Si (Na = 1 x 10%° cm™). A 50 nm
layer of B-doped Ge (N = 1 x 10%° cm~) was then deposited at a growth temperature of Ts =
330 °C and annealed at 810 °C in order to obtain a high quality, plastically relaxed Ge epi-
layer, serving as a VS for subsequent epitaxial growth. Layer deposition continued with
another 50 nm of B-doped Ge (NA = 1 x 10?° cm™), and 10 nm of undoped Ge, followed by a
second annealing step. Prior to the deposition of the undoped SiGeSn barrier and well layers,
the growth was interrupted to lower the growth temperature down to 160 °C. Two samples,
one with a 2-QW structure and one with a 4-QW structure, were fabricated, in which the
barrier layers and the quantum well layers have a thickness of 10 nm, each. The barrier and
well layers are composed of SiGeSn with different fractions of the constituent semiconductor
materials. The material compositions were chosen not only for their bandgaps but also such
that the lattice constant of the unstrained well (barrier) material is larger (smaller) than that of
Ge with the aim of obtaining only small residual strain of the total MQW layer stack on the
Ge VS. A 10 nm-thick undoped Ge layer was then deposited as a spacer to separate the
heterojunction from the doping transition. After the growth of 100 nm of Sb-doped Ge (Np =5
x 10" cm™), the growth temperature was increased to 400 °C, and 100 nm of Sb-doped Si
(Np =5 x 10" cm™>) were deposited as the final layer.

Fig. 1. (a) Schematic cross section of the MBE layer stacks. (b) and (¢c) HAADF-STEM image
of the MBE layer stacks of the 2-QW and 4-QW sample, respectively. The image contrast
represents the atomic number (Z), where black corresponds to low and white to high Z,
respectively. (d) and (¢) HR-TEM images of the MBE layer stacks of the 2-QW and 4-QW
sample, respectively, corresponding to the areas highlighted in the HAADF-STEM images.
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Fig. 2. (a)-(c) EDS maps of the well and barrier regions of the 2-QW sample with
concentrations in at.%. (d) EDS line scan of the well and barrier regions of the 2-QWsample.
Light grey bars indicate the data points that were selected to extract the barrier composition,
dark gray bars indicate the data points that were selected to extract the well composition.

We investigated the MBE layers using Transmission Electron Microscopy (TEM) as
shown in Figs. 1(b)-1(e), using a JEOL JEM-2010F microscope. Figures 1(b) and 1(c) show
High-Angle Annular Dark Field Scanning TEM (HAADF-STEM) images of the MBE layer
stacks of the 2-QW and 4-QW device. The image contrast is strongly related to the atomic
number (Z), so that black corresponds to lighter regions than white [17]. A clear difference in
composition can be seen between the well and barrier layers. Figures 1(d) and 1(e) show HR-
TEM images of the MBE layer stacks with clearly resolved crystallinity of well and barrier
layers. The periodicity of 20 nm for well and barrier layers is confirmed and barrier as well as
well layers are of approximately equal thickness.

We investigated the material compositions of well and barrier by means of Energy
Dispersive Spectroscopy (EDS) as well as by X-Ray Diffraction (XRD). For the EDS analysis
a probe beam with a diameter of 0.7 nm was used to extract the position-dependent
composition from the sample cross section with a spatial resolution of about 2 nm and an
estimated accuracy of + 2.0%. This accuracy was previously determined for the system with a
known standard. The presence of Si-rich barrier and Sn-rich well regions can be observed
qualitatively in the 2D maps of Si, Ge and Sn content shown in Figs. 2(a)-2(c), respectively.
We quantitatively extract the Si, Sn and Ge content in barriers and wells from the EDS
linescan shown in Fig. 2(d) by selecting those data points that can be attributed to barrier or
well regions. The resulting values are shown in Table 1. We note that the Sn content of the
middle barrier layer does not seem to drop significantly from its value in the well layers. A
possible explanation is that although growth temperatures were kept low, some Sn diffusion
could have smeared out the transition region between barrier and well layers [18].

Table 1. Composition of barrier and well layers in at%.

Si Ge Sn
Barrier 31.2+44 62.3+53 6.5+4.0
Well 252+2.1 63.4+23 114+25

XRD analysis with PANalytical Empyrean was used to characterize both samples.
Reciprocal space maps (RSM) taken along the (224) direction in combination with ®-28-scans
along the (004) direction are shown in Figs. 3(a) and 3(b) for the two samples.
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Fig. 3. Reciprocal space maps taken along the (224) direction and ®-20-scans taken along the
(004) direction for (a) the 2-QW sample and (b) the 4-QW sample.

Both ®-20-scans show a double peak structure at 20 ~66° that can be attributed to a
superposition of the Ge buffer with the zero-order superlattice peak (SLO). The fact that both
the Ge peak and the SLO peak can be resolved indicates that the MQW layers are not perfectly
lattice matched with the Ge. In addition, one (2-QW sample) or two (4-QW sample) satellite
peaks are observed on each side of the SLO peak (SL1, SL-1). Further peaks originating from
the MQW structures cannot be resolved as a consequence of the small number of periods. We
used information on the in-plane as well as out-of plane lattice constants from both the ®-26-
scan and the RSM to identify the Ge peak based on the unstrained Ge lattice constant, a,;, =
0.5657. The position of the Ge peak yields a lattice parameter along the growth direction of
a;, = 0.5662 nm and 0.5663 nm for the 2-QW and 4-QW samples, respectively, indicating
that approximately 0.1% of compressive strain is present in the Ge in both samples as a result
of the growth on Si. The measured average off-plane lattice parameters a AL/IQW,m for the
SiGeSn well and barrier layers, are shown in Table 2 for both the 2-QW and 4-QW samples.

The MQW periodicity can be obtained from the distance of the superlattice peaks to the SLO
peak as 17.8 = 2.3 nm, in agreement with TEM results.

Table 2. MQW lattice constants determined by experiment and predicted based on EDS
composition analysis

2-QW 4-QW
yigry y (@-20-scam) 0.5673 nm 0.5674 nm
Bysorp 1y (RSM) 0.5655 nm 0.5650 nm
By (caleulated) (0.5677 + 0.0058) nm (0.5681 + 0.0058) nm

The RSM gives qualitative and quantitative information on the strain state of the MQW
layers. For both samples it can clearly be observed that the MQW layers are not fully
pseudomorphic, as indicated by the slightly tilted alignment of the MQW peaks. The average

in-plane lattice constant a,,, , of barrier and well layers as extracted from the position of the

SLO peak in the RSM is shown in Table 2. It allows us to compare XRD results with
calculation based on the composition obtained from EDS analysis using
a- = —2C—1i.2 I

(aMQW,m - aO,i) +a,,, (1
o

where i stands for barrier or well. The elastic constants C], and Cj, as well as the lattice

constant of the relaxed SiGeSn barrier or well layer ao; are obtained by linear interpolation
between the corresponding values for the constituent materials Si, Ge and Sn, obtained from
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Ref [19]. The average lattice constant aj, . = (., +d,,)/2 of the SiGeSn layers

obtained from this calculation is shown in Table 2 and compares well to the value obtained
from the ®-20-scan.

Table 3. Bowing parameters of the binary alloys

SiGe GeSn SiSn
bng bg,é' bg(
T [eV] 0.21° 246" 13.2°
L[eV] 0.335¢ 0.99” 2.124¢

“From J. Appl. Phys. 112, 073106 (2012), *from
arXiv preprint arXiv:1406.0448 (2014). “‘From
PRL 102, 107403 (2009).

We, thus, take the values of Si, Ge, and Sn as obtained from EDS analysis as a basis for an
effective mass band structure calculation to predict the optoelectronic properties of the MQW
structures. In this calculation the model parameters for the SixGeix.,Sny barrier and well are
obtained using a linear interpolation of the model parameters for Si, Ge, and o-Sn, except for
the bandgaps and effective masses. For the bandgaps the following quadratic interpolation has
been used [20]:

E, (Si.Ge . Sn)=xE, (S)+(1-x-y)E, . (Ge)+y-E,  (Sn) 2
—bgf" ~x~(l—x—y)—b£‘;§" -y-(l—x—y)—bgsf? XY
Here, b;’f" , bggs" , and b;’?” are the bowing parameters and ¢ = I, L refers to the different

conduction valleys. The bowing parameters that were used in the calculation are listed in
Table 3. For the effective mass an interpolation according to [21] has been used. Band offsets
between materials are approximated according to Jaros [22]. We used model-solid theory to
estimate the effects of strain on the band structure [23]. The effects of confinement are
calculated using effective mass theory [24]. Due to considerable uncertainties of the material
parameters, particularly the bowing parameters, we limit our calculation to an idealized 10 nm
single quantum well. The resulting potential profile of the MQW layers for

— | ]
125} L 4
= hh ]
1.00 | Ih I 4
o, 075} 1
)
5 0.50F ho =0.86+0.11 eV <
[ = 4
w
025} 4
0.00 F e[ ] E
Substrate Barrier Well Barrier

Fig. 4. Theoretical calculation of the potential profile of the MQW layers for Sig250Geo 634Sn0.114
wells and Sig312Geg.623Sn0 065 barriers with a substrate lattice constant of 0.5650 nm.
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Fig. 5. (a) Schematic cross section (b) Current density as a function of voltage for a 2-QW
(black) and the 4-QW (red) device with device radii of 5 um. The inset shows the current
density-voltage characteristics of the 2-QW devices for devices with different radii. The
current scales with device area.

Sio252Ge0.634Sn0.114 wells and Sio312Geo.623Sn0.065 barriers, and with a substrate lattice constant
of 0.5650 nm, is shown in Fig. 4. Our theoretical model predicts the well regions to be
indirect-bandgap alloys and the barriers to provide type-I alignment. Taking into account
uncertainties in the experimental determination of composition (Table 1) as well as
confinement, the transition energy is calculated to be 0.86 + 0.11 eV.

3. Device fabrication and characterization

The photodiodes were fabricated using a lithographic process leading to single mesa
structures. A schematic cutaway-image of the device is shown in Fig. 5(a). An inductively
coupled plasma reactive ion etching process (ICP-RIE) based on Cl,/HBr was used to define
the mesa-structure. A 300 nm thick SiO» layer was then used to passivate the mesa. After
structuring the contact holes, 800 nm of Al (as CMOS-compatible contact metal) were
deposited and structured to form signal and ground contacts.

T T T T T T T T T
(3) g 05 [0 3 ;1 ® ok
1400 nm N 100 é
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1500 nm 50 2
§ 1600 nm Y 2 o~
' E
= 0.03f o I 0.74 o,n7es[gy [e(\J/.]78
> 05 0.0 o
> = 10%} 8.0x10° J
2 0.02 E § |
I} 8 6.0x10
g 2}
& o0.01 —2-QW - 3 4.0x10°
—4-QwW 2.0x10°
0.00 V=-05V 101 | 0.0 - i
065 070 0.75 0.80 0.85 090 0.95 1.00 0.70 0.75 0.80 0.85
Energy [eV] Energy [eV]

Fig. 6. (a) Responsivity of a 2-QW device and a 4-QW device at —0.5 V external bias. The
responsivity is enhanced for the 4-QW device. The inset shows photocurrents of a 2-QW
device under reverse bias and at different wavelengths. (b) Absorption coefficient of the
SiGeSn-well regions as a function of incident photon energy and at zero bias. The inset shows
the square of the absorption coefficient as a function of photon energy and a linear fit to the
data. From the intersection of the fit line with the energy axis we obtain a bandgap energy of
~0.76 eV.

All samples were characterized electrically with a Keithley 4200 semiconductor analyzer.
Optical responsivities were measured with a super continuum light source equipped with an
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acousto-optical tunable filter in order to achieve narrow output spectra over a broad
wavelength range. A single mode fiber probe was used to couple light into the detector in
vertical incidence. An extended InGaAs-detector was used to measure laser output power.
Photocurrents and dark currents were measured with an on-wafer semiconductor analyzer.

Figure 5(b) shows the current density-voltage characteristics for a 2-QW and 4-QW diode
with device radii of 5 um, each. For both samples, the dark currents are comparable. Since
dark currents are directly influenced by the number of threading dislocations [25], this
indicates that defect-related nonradiative recombination processes should also have
comparable influence on photocurrent measurements of both diodes.

As shown in the inset of Fig. 6(a), the photocurrents are constant under reverse bias for all
wavelengths investigated. As a result, we can assume that the number of electrons generated
per photon does not depend on the bias, i.e. there is no avalanching. As the intrinsic zone of
the PIN-photodiodes consists of SiGeSn layers sandwiched between two Ge layers with a
thickness of 10 nm each, we can expect photocurrents to be generated in the Ge layers as well
as in the SiGeSn quantum wells. Figure 6(a) shows the optical responsivity R, (photocurrent
per unit optical power) as a function of photon energy E,; (0.65 eV < E,;, < 1.0 eV) at room
temperature obtained from PIN-photodiodes with a radius of 5 um each. The optical
responsivity is clearly enhanced in the 4-QW device compared to the 2-QW device as a result
of the contribution from the additional two quantum wells. At an incident photon energy of
0.9 eV we obtain R,y = 0.033 for the 4-QW device and R, = 0.025 for the 2-QW device,
which is considerably smaller than e.g. R, = 0.21 measured for a bulk Ge PIN-photodiode
with a 300 nm intrinsic zone at the same energy [26]. This difference is mainly due to the
small thickness of the active layers in our devices. The internal quantum efficiency #;.: of the
devices is the ratio of the number of photoelectrons produced for every photon incident on the
photosensitive surface and is obtained as follows:

o h-c
N =R, - (1-R) l'ﬁ (3)

where R is the surface reflection, which was measured for both samples, 4 is the wavelength
and ¢, ¢ and h are the electron charge, the speed of light, and the Planck constant,
respectively. For a fully depleted PIN-photodiode with negligible penetration of the electric
field into the doping layers, we can use Beer’s law to derive the following expression for the
internal quantum efficiency #, of a device with n wells:

7, = exp(—ay, - dn,Ge) (I—exp(=2-a,-ds—n-¢, -dy, —(n+1)- 0, -dy)) “4)

Here, og. is the absorption coefficient of Ge, d,, . is the thickness of the Ge part of the n-
doped heterojunction top contact, d; is the thickness of the Ge spacer layers in the intrinsic
zone of the device, ay denotes the absorption coefficient and dy the thickness of a well
region. Neglecting the contribution of the barrier regions to the internal quantum efficiency
for photon energies below the barrier bandgap energy, and combining the data from both
devices allows us to eliminate the contributions from the Ge spacer layers. We determine the
absorption coefficient of the well regions as follows:

1 - ’74 : eXp(aGe : dn,Ge)
1 - 772 : eXp(aGe : dn,Ge)

— exp(-2-y, -d,,) 6

We assume that the absorption coefficients of the well regions of the 2-QW-sample and 4-
QW-sample are identical. In particular, we neglect the fact that the internal electric fields at
zero bias in the intrinsic zones of the 2-QW-sample and the 4-QW-sample differ due to the
difference in thickness (70 nm for the 2-QW-sample, 110 nm for the 4-QW-sample). This
difference in electric field leads to a slightly different modification of the absorption edge
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(Franz-Keldysh effect) for the two samples but it does not shift the bandgap energy. Data for
the absorption coefficient of Ge are taken from [26]. The absorption coefficient is plotted as a
function of photon energy in Fig. 6(b). We do not observe any clear indications of type-I
confinement, which could be a consequence of the small number of quantum well regions or
of weak confinement for holes in the valence band, see Fig. 4. For the purpose of extracting
the bandgap energy we, therefore, consider the SiGeSn well regions as bulk material, for
which o ~(E - Eg ). Here, we also assume that although the SiGeSn well regions are indirect-
bandgap alloys, the photocurrent originates from the direct transition since the difference in
energy between the direct and the indirect bandgap is predicted to be small (see Fig. 4). From
the fit, we obtain £, ~0.76 (see inset of Fig. 6(b)).

In Fig. 7 we show the room-temperature electroluminescence (EL) measurements at
different injection current performed on PIN-photodiodes with a radius of 80 pm. Again, we
can expect contributions from the SiGeSn well regions and from the Ge spacer layers. The EL
intensity of the 4-QW-sample is lower than that of the 2-QW-sample, which can be a result of
a higher defect density in that particular device. Nonetheless, we observe that the 4-QW-
sample shows an increase in EL intensity towards lower energies compared to 2-QW-sample
as a result of Eg v < Eg., which is consistent with the observation from absorption data. The
shift of the peak to lower energies as the injection current is increased, is a consequence of the
increase in device temperature and the resulting decrease in bandgap energy.

*+  4QW, 400 mA
= 4QWw, 600 mA
°+ 4QW, 800 mA T
> 2QW, 400 mA
2 QW, 600 mA
> 2QW, 800 mA A

Intensity [a. u.]

2 1 " s S
0.7 0.8 0.9 1.0 1.1
Energy [eV]

Fig. 7. Room-temperature electroluminescence measurements of the 2-QW and 4-QW device
with diode radii of 80 pm each.

We can expect the photocurrent as well as the room-temperature EL to originate from
direct transitions within the wells. We find that £, extracted from experiment (0.76 eV) is
within the range predicted by bandstructure calculations (0.86 + 0.11 eV). Nonetheless, we

point out that the inaccuracy of the parameters available for the theoretical calculations could

be significant. In particular, the bowing parameter b;’ﬁ” has a large influence on the results of

the bandgap predictions. There are experimental indications that this parameter is not constant
over the entire composition range of the binary alloy Sii.,Sny. While setting b;’ﬁ" to 13.2 eV
seems to be appropriate for y ~0.2, a value of b;’ﬁ" ~4 eV has also been reported for y ~0.5

[8]. At the moment, there is insufficient experimental data to reliably predict the bandgap
energies for all SiyGe;«.,Sny alloy compositions.

4. Conclusion

We demonstrate the successful fabrication and characterization of SiGeSn-MQW-
photodiodes. We observe a clear contribution of the SiGeSn well regions to both optical
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responsivity and room-temperature EL spectra. Furthermore, the predictions made by our
idealized theoretical model are consistent with experimental results. We thus find that even
highly strained SiGeSn-MQW-layers can be grown on VS with a defect density that is
sufficiently low to permit opto-electronic device operation.

MQW-photodiodes with barrier and well regions composed of SiGei.x.,Sny, are extremely
interesting because they can be designed to be strain-relaxed on VS. In this way, the well-
developed VS technology can be used for possible complementary metal-oxide-
semiconductor (CMOS) integration. Moreover, by adjusting the alloy compositions and, thus,
the bandgaps of the wells, the devices can be tuned over a broad range of wavelengths. More
data is needed, in particular to determine the bowing parameters of SiSn alloys over a broad
range of compositions. This could further improve the agreement between theory and our
experimental results and will allow one to determine whether SiGeSn-MQW-photodiodes can
be designed to be strain-relaxed on Ge with a direct bandgap well material and type-I
alignment provided by the barriers.
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