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Abstract. The current-voltage (I-V) characteristics and spectral dependences of the photo-
current of p-i-n structures, including GeSiSn/Si multiple quantum wells (MQWSs) with the Sn
content up to 15%, are studied. It is shown that the increase in the Sn content from 4.5 to 13%
leads to a gradual increase in the dark current density from 6x107° A/cm? to 5x107° A/cm? at
the reverse bias of 1 V. The further rise in the Sn content to 15% results in the increase of the
dark current density to 5x10™* A/cm?, which is an order of magnitude lower than the known
values for GeSn-based photodiodes. The shift of the cutoff wavelength of the photoresponse
with the Sn content increase in heterostructures is demonstrated. The photoresponse spectrum
of the detector extends up to wavelengths of larger than 2 pm at the Sn content of more than
10%.
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Annoranug. MccienoBaHbl BOJBT-aMITepHBIC XapaKTePUCTUKU M CIIEKTpaJIbHBIC 3aBUCUMO-
cTu (hoToTOKA p-i-n CTPYKTYpP, BKIIOUAIOIIMX MHOXECTBEHHbIe KBaHTOBbIe siMbl GeSiSn/Si ¢
comepxanueM Sn BIL1oTh 10 15%. [loka3aHo, 4TO yBeJMYeHUE COACPXKAHUS OJIOBa OT 4.5 10
15% npUBOANT K YBEJIMUYEHUIO TIOTHOCTA TEMHOBOIO ToKa ¢ 6x107° A/cm? no 5x107* A/cm?
npu oopatrHoMm cMmelieHuu 1 B. IIpogeMOHCTpUPOBAHO, UTO YBEJIUMYEHUE COMEPKAHUS OJIOBa B
reTepOCTPYKTYpax MPUBOAUT K YBEIMUYCHMIO JUIMHHOBOJIHOBOM I'paHUIIBI (DOTOOTBETA BILIOTh
10 2.25 um.

KioueBbie cj10Ba: MHOXECTBEHHAsi KBaHTOBasl siMa, 30HHAsl JAuarpamMma, TEeMHOBOM TOK,
GoToTOK
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Introduction

The new class of Ge-Si-Sn materials demonstrates promise for creating infrared photodetectors
with the operation wavelengths from 1.55 up to 8 um [1—3]. This range represents the best option
for remote reading and the visualization of information due to reduced Rayleigh scattering and
due to the transparency windows of the Earth's atmosphere near 1.6 um, 3—5 um and 8—14 um.
Infrared photodetectors based on GeSiSn are of great importance in applications ranging from
fiber-optic communications to thermal imaging. Since Sn is the isovalent element with respect to
Ge and Si, and also has the diamond-like crystal structure, photodetectors based on new GeSiSn
materials will be able to compete with the group 1I-VI (HgCdTe)-based photodetectors due to
better compatibility of the material with the existing Si technology.

Nowadays, there are many publications related to the GeSiSn-based photodetectors with the
indication of their electrophysical parameters, such as the dark current, responsivity and cutoff
wavelength [4, 5]. These parameters were included in tables presented in contributions [6, 7].
The dark current magnitude determines the signal-to-noise-ratio of the photodetectors, therefore
it should be minimized. The lowest reported value of the dark current around 6x107° A/cm?
was achieved for Ge , . Sn . -based photodiodes [8]. The dark current has two components,
namely: bulk and surface leakage currents. The first part is directly associated with the number
of dislocations [9], whereas the second contribution is related to the surface defects of the mesa
sidewall region. The later may be suppressed by the sidewall surface passivation [10].

The most photodiode structures grown on the Si substrate contain relaxed GeSn layers on the
Ge layer. The GeSn and Ge layer thickness can reach several hundred nanometers. Due to the
large lattice parameter mismatch between GeSn, Ge and Si, the dislocations are introduced. These
defects increase the dark current of the photodiode. The issue may be solved by the application
of the elastic strained layers. In this article such elastic strained (pseudomorphic) layers were used
in the GeSiSn/Si multiple quantum well structures (MQW), which were embedded in the active
region of the p-i-n diode. The lowest dark current density value in the GeSiSn/Si MQW diodes
was about 6x10°% A/cm?. This dark current density is three orders of magnitude smaller than one
of literature.

Materials and Methods

To study the photoelectric properties of structures with GeSiSn/Si MQWs, a series of samples
with different tin content was grown. All samples were obtained on p*-Si substrates. The 200 nm
thick buffer layer was formed on the Si surface. After the growth of the buffer layer an active
region was grown. It consisted of ten Ge,,Si . Sn quantum wells of the 2 nm thickness, which
were separated by 7 nm thick Si layers. ﬁle S7ny content in the samples varied from 3.5 to 15%.
Further, the 100 nm thick undoped Si layer and the 50 nm thick n+-Si layer were grown. The
p-i-n diodes in the form of mesa-structures with the diameter of 1.7 mm were fabricated using
standard technological processes such as optical lithography, plasma etching and metal deposition
in vacuum. The etching was performed down to the Si substrate. Au/Ti layers deposited in a
high-vacuum setup were used to create ring electrodes to the heavily doped »n*-Si layers. The
schematic photodetector structure is shown in Fig.1, a. Before mounting detectors fabricated into a
cryostat for photoelectric measurements, the current-voltage (/—V) characteristics of devices were
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measured at room temperature. The compositions and quality of epitaxial structures were studied
by X-ray diffractometry. The diffraction reflection curves were obtained using the symmetric two-
crystal scheme with the DSO-1T diffractometer and the Ge(004) single-crystal monochromator.
The photocurrent spectra were measured using a Bruker Vertex-70 infrared Fourier spectrometer.
The samples were placed in the Janis cryostat and cooled to the temperature of 77 K with liquid
nitrogen. The photocurrent was recorded using an SR570 low-noise preamplifier from Stanford
Research System. A halogen lamp was used as a light source.

The calculation of the energy band diagrams of the Si/Ge,__ Si. Sn /Si heterocomposition,
including a pseudomorphic Ge, S1 Sn_layer, was carried out us1nyg a model-solid theory, which
makes it possible to take into account the effects of strain on the band structure [11]. The model
parameters for the GeSiSn ternary compound were determined by a linear interpolation of data
for Ge, Si, and Sn [12—14]. The band gaps of the solid solution were calculated by the quadratic
interpolation:

E*(Ge,_,,Si,Sn,)=E*(Ge)-(1-x—y)+E"(Si)-(x)+E*(Sn)(y)-

bélGe (l_x_y) X—= béeSn (1_x_y) b§1$n X,

where, E%Ge), EX(Si) and E4(Sn) are Ge, Si and Sn band gaps, respectively; b, b, and
béisn correspond to the bowing parameters; index & = I, L, X refers to the different conduction
valleys [13]. The effects of confinement were taken into account using effective mass theory. The

interpolation suggested in [15] was used to calculate the effective masses.

(1

Results and Discussion

A series of p-i-n diodes including Ge,Si . Sn /S1 MQWs was obtained. The pseudomorphic
state of Ge, S1 Sn layers was conﬁrmed by fvhe presence of diffraction peaks on the diffraction
reflection curves (F1g 1, b). Diffraction peaks are marked with integers from —3 to +1.

a) b)
1409
108 Si substrate— \
. — 10 15%-Sn
Au/Ti 107 W
10° bl 12 5% .91
+_Qi 510°
I.‘I .SI’ 2L % 100 b Mg 'MHIW/W \M
|-S|, 100 nm %103 ] 9%-Sn
. . [y
ox i-Si, 7 nm g10° B e |\ 6%-Sn
. =10
Geo 3S|0 7-ysny1 2nm 0 m M‘l 3.5%-Sn
o 10° ey N il PR A (3%
i-Si, 200 nm | 10" A ‘ ) W
_2 )
p*-Si(100) s “»#M'm% | I
-8000  -6000 -4000 -2000 0 2000
Q, arcsec.
Fig. 1. Schematic cross section of a p-i-n diode with the Ge, Sn /81 MQWs (a) and the

(004) diffraction reflection curves from the MQWs containing 10 penods with the pseudomorphic
Ge,,Si,, Sn films for different Sn contents (b). The peak from the Si substrate is indicated by the
"arrow and the diffraction maxima are pointed out by the integers from —3 to +1

The distance between the satellites corresponds to the period in MQWs. The average composition
was determined from the distance between the zero satellite and the peak from the Si substrate.
The shift of the zero satellite is observed with the Sn content increase from 3.5 to 15%. The
rocking curves were simulated taking into account the pseudomorphic state of the Ge0 3S10 Sn
layers. The modeling curve for the Sn content of 3.5% is shown as the example. It is in goo&
agreement with the experimental dependence for the same composition.
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Fig. 2. Dark current-voltage (/—V) characteristics of p-i-n diodes for different Sn contents in GeSiSn
quantum wells (a), photocurrent spectra of p-i-n diodes measured in short circuit regime at zero bias (b)

Based on the measurements of /—V characteristics and photocurrent spectra the photoelectric
properties of p-i-n diodes obtained were studied. The /—J characteristics for samples containing
up to 15% tin in quantum wells are shown in Fig. 2, a. All devices had diode /—V characteristics.
It is shown that the increase in the Sn content from 4.5 to 13% leads to a gradual increase in the
dark current density from 6x107% A/cm? to 5x1075 A/cm? at a reverse bias of 1 V. The further rise
in the Sn content to 15% results in the increase of the dark current density to 5x10* A/cm?. The
increase of the dark current density can be associated with the Sn segregation on the surface. It
is confirmed by the appearance of the two-domain (4%1) superstructure during the growth on the
reflection high energy electron diffraction pattern (RHEED). Such superstructure corresponds
to the submonolayer Sn cover on the Si surface. The Sn segregation probably causes the surface
leakage current increase on the sidewall surface of the mesa [10]. Despite the absence of the
passivation and optimization of p-i-n diode dimensions, we achieved record values of the dark
current density, which are a thousand times lower than the dark current densities of GeSn-based
diodes presented in the literature for approximately the same Sn content [8]. The photocurrent
spectra for the Sn content from 3.5 to 15% are shown in Fig. 2, b. The spectra were normalized
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Fig. 3. Band diagrams for Si/GeO.3Si0.7_ySn /Si heterostructures with the Sn content of 3.5 (a),
9'(b) and 15% (c)
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to the photocurrent maximum. For all samples, the large photoresponse signal with the energy
near 1.2 eV is observed. This signal is associated with the interband optical transitions in silicon.
The gradually decreasing photocurrent signal is observed with the photon energy decrease below
the Si band gap. The cutoff wavelength of the photoresponse was determined by equating to
zero of the first derivative of the photocurrent. The obtained values are presented in the inset in
Fig. 2, b. The increase of the cutoff wavelength of the photoresponse from 1.18 to 2.25 pum is
observed with the tin content increase from 3.5 to 15% in the Ge ,Si . Sn layers. According
to band diagram calculations for Si/Ge ,Si Sn /81 heterostructures (ﬁlg 33 the contribution
to the photocurrent can occur from 1nter and optlcal transitions between the valence band
and X-valley in silicon, as well as transitions between subbands of heavy or light holes in the
Ge,Si Sn solid solutlon layer and the X-valley in silicon or the A, subband in the Ge,

layer "fhe optlcal transitions with minimum energy are indicated by arrows in Fig. 3. i—Iowever
the experimentally obtained values of the cutoff wavelength are lower than the calculated ones
in terms of energy. This result can be explained by smearing of the GeSiSn/Si heterointerface. It
is associated with the Sn segregation, which leads to a decrease in the optical transition energy.

Conclusion

A series of p-i-n diodes, including GeSiSn/Si MQWs with the Sn content up to 15%, was
obtained. The gradual increase of the dark current density from 6x107% A/cm? to 51075 A/cm? at
the reverse bias of 1 V was observed with the Sn content increase from 4.5 to 13%. The further
Sn content rise to 15% led to the dark current density increase up to 5x10* A/cm?. However,
these dark current densities are the smallest among those known from the literature for the
GeSiSn/Si system. It was shown that the Sn content increase in heterostructures leads to the shift
of the cutoff wavelength of the photoresponse up to 2.25 um. Further investigation will be aimed
at reducing the dark current by optimizing the size of the diode mesa and its sidewall passivation,
as well as at increasing the cutoff wavelength of the spectral responsivity due to the higher Ge and
Sn contents in the GeSiSn quantum wells.
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