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Abstract. In the paper, the upgraded technology of forming the epitaxial arrays of InAsP
nanowires (NWs) synthesized on silicon substrates using molecular beam epitaxy has been
presented. The optical and electrophysical properties of the NWs were studied. Based on the
grown structures, a prototype of a short-wave infrared photodiode for a range from 1.2 pm
to 1.9 um was fabricated. Its band structures were numerically simulated. The temperature
dependencies of the current-voltage characteristics and the spectral sensitivity of the
photodetector prototype based on the NWs were experimentally studied. The external quantum
efficiency of photoconversion of radiation with a wavelength of 1380 nm was found to be about
0.25% at 100 K.
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AnHotanusa. B pabote mpencraBieHa yCOBepIIEHCTBOBAHHAS TEXHOJOTHS (hOpMUPOBAHUS
SMUTAKCHATBHBIX MAaCCUBOB HUTeBUAHBIX HaHOKpucTauioB (HHK) InAsP, cuHTe3npoBaHHBIX
Ha TMOJJIOXKAX KPEeMHUSI METOAOM MOJIEKYISIPHO-IYYKOBOI OMUTAKCUU; WCCIENOBAHBI
ontuyeckue " anekrpodusnyeckue cBoiictBa stnx HHK. Ha ocHoBe BbIpalieHHBIX
CTPYKTYpP CO3[JaH TpOTOTUN (POTOAMOAA KOPOTKOBOJIHOBOTO WHGMPAKPACHOTO JAUala3oHa
(1,2 — 1,9 mxm). IIpomoaenupoBaHbl 30HHBIE AMarpamMMbl GoToanoma. DKCrnepuMeEHTaIbHO
WCCIIeIOBaHbI TeMITepaTypHbIe 3aBUCHUMOCTH BOJIbTAMITIEPHBIX XapaKTEPUCTUK M CITEKTPaIbHOU
YYBCTBUTEJIBHOCTH 3TOTO MTPOTOTUTIA. Y CTAHOBJIEHO, UTO BHEIIIHSISI KBAaHTOBas 3(P(PeKTUBHOCTD
(oromnpeobdpazoBaHuUs U3TydeHUs ¢ LIMHOM BoJHBI 1380 HM coctaBuia npumepHo 0,25 % npu
temnepatype 100 K.

KmoueBbie cioBa: InAsP, kpemHMeBasi IMOMIOXKA, MOJICKYJSIPHO-TIYYKOBasi SIMUTAKCHUS,
HUTEBUIHBIN HAHOKPUCTAILI, (POTOMETEKTOP, KBAHTOBASI 3(P(PEeKTUBHOCTD
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Introduction
Heterostructures based on narrow-gap semiconductors (with the band gap less than 1 eV) are
widely used in infrared (IR) optoelectronics [1, 2]. The practical significance of research in this
field lies in the possibility of fabricating multispectral IR radiometers and thermal imagers for
reconnaissance and surveillance systems as well as chemical sensor arrays used for detection and
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identification of explosives. The most popular material platform for IR detectors is indium arse-
nide (InAs). The choice of the narrow-gap (band gap E is 0.35 eV at a temperature of 300 K) InAs
semiconductor material is due to the high mobility of charge carriers (more than 10*cm?/(V-s))
and the long lifetime of minority carriers. However, further advances in detector manufacturing
are limited by two main factors. First, the small band gap inevitably leads to accelerated thermal
generation rates and is accompanied by nonradiative recombination of charge carriers, which in
turn leads to high dark currents, increased noise levels, and decreased sensitivity of photodetector
arrays |[3]. Secondly, lattice mismatch between the layers of planar A3B’ heterostructure and sub-
strate significantly limits the possibilities for controlling the band profile of heterostructures [4].

The performance characteristics of photodetector arrays can be improved by transition from
planar structures to structures with a well-developed surface, namely, to arrays of nanowires
(NWs) [5]. In this case, due to developed lateral surface of the NWs, nanostructures of high
crystalline perfection can be grown on lattice-mismatched substrates, in particular, on silicon.
Moreover, NW arrays are characterized by stronger light absorption compared with planar lay-
ers of the same composition and equivalent thickness [6, 7]. The addition of phosphorus to the
InAsP solid solution causes an increase in the band gap with a consequent decrease in dark cur-
rents and corresponding noise from photodetectors operating in the short-wavelength IR range
(1.0—3.5 um) [8].

In this paper, we propose an improved technological approach to fabrication of photodetec-
tors in the near and short-wavelength IR ranges (1.3—1.9 pm) using InAsP NW arrays epitaxially
grown on silicon substrates as the active area. The effects of localization and resonant amplifica-
tion of the IR electromagnetic field in the NWs can significantly improve the characteristics of
such photodetectors:

reduce the volume of their active area while maintaining their sensitivity;

reduce their dark current;

increase the performance of devices based on them [9].

Materials and methods

The InAsP/Si heterojunction is a type II junction with partial band overlap, which determines
the choice of diode polarity. As follows from the band diagram (Fig. 1), only the combination of
InAsP with n-type conductivity and Si substrate with p-type conductivity (n-InAsP/p-Si) is possible
for the array to function as a photodiode. The inverse combination (p-InAsP/n-Si) will lead to the
formation of barriers for charge carriers. Thus, the built-in field is generated at the n-InAsP/p-Si
heterojunction (see Fig. 1,a). It is known that
the surface states of NWs strongly influence the
energy band diagram of nanostructures.

In view of the above, defects were added
to the lateral surface of the considered model
for InAsP NWs, whose presence in the case
of InAsP material with the band gap of about
600—650 MeV leads to forced injection of elec-
trons from the defect levels, band bending near
the surface (see Fig. 1,b) and additional con-
tribution to separation of charge carriers during
photodiode operation.

InAsP NW arrays were epitaxially grown on
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elements was taken proportional to the pressure measured by a Bayard—Alpert ionization gauge.
The substrate temperature (growth temperature) was measured by a thermocouple calibrated by
the phase transition temperature of Si(111) 7x7 « 1x1 surface reconstruction. Monitoring of the
growth process and analysis of the crystal structure of NWs was performed in situ by by reflection
high-energy electron diffraction (RHEED).

The main stages of formation of NW arrays on silicon are shown in Fig. 2. Before the NWs
were grown by MBE, the silicon substrates were cleaned by a modified Shiraki method [10]. At
the final stage of cleaning, it was carried out by wet chemical oxidation in boiling aqueous solu-
tion of ammonia and hydrogen peroxide (NH,OH : H,O, : H,0) in a ratio of 1 : 1 : 3. As a result
of the procedure, a thin (about 1.5 nm) layer of SiO_ oxide was formed on the silicon surface
(see Fig. 2,a)

1. Substrate preparation 2. MBE growth

a) Wet chemical oxidation b) Defects formation in ¢) InAsP NWs growth
the oxide layer

P S, In‘ ~gl\s,sz

~1.5nm Defects in SiO,

T Il
V I\"

Fig. 2. Main stages of epitaxial growth of InAsP N'W arrays on silicon:
substrate preparation 1, material growth by molecular beam epitaxy 2; cleaning
by wet chemical oxidation (@), formation of defects in SiO_ oxide layer (b); growth of NWs (c)

Immediately before the start of the epitaxial growth stage, silicon substrates were subjected to
thermal annealing under ultrahigh vacuum conditions for 30 minutes at a temperature of 780 °C,
which led to the formation of defects in the layer of surface silicon oxide serving as NW nucle-
ation centers (Fig. 2,6) [11, 12]. Then, as the substrate cooled to the growth temperature in As,
flux, the As-substituted silicon surface stabilized in the defect regions of the SiO_ surface layer
(Fig. 2,b) [13]. The formation of NWs was initiated by switching group V sources to the necessary
fluxes and opening the indium shutter (Fig. 2,c¢). To ensure uniform distribution of molecular
fluxes during the growth process, the substrate was rotated at a speed of 5 rpm. In general, varying
the group V growth fluxes makes it possible to regulate the incorporation of phosphorus and arse-
nic atoms into InAsP NWs, thus controlling the band gap of the NWs to ensure a given spectral
sensitivity of photodetectors based on them.

The considered NW arrays were grown at a substrate temperature of 520 °C for 60 minutes
and a P/As flux ratio of 1. InAsP N'Ws were not doped during growth; due to the large number of
surface states on the lateral surface of the NWs, the synthesized nanostructures were characterized
by n-type conductivity. Reference samples of InAs NWs were additionally grown.

Notably, the method applied for self-induced growtj of NW arrays allows to achieve an
extremely high surface density of NWs (>10 um-?), which significantly reduces light scattering,
manifesting as an opaque black surface of the sample. To fabricate photodetector arrays, we used
the grown InAsP NWs with a diameter of 11041 nm, a length of 900+300 nm, and a surface
density of 5.5 um2. The morphology of the synthesized arrays was studied by scanning electron
microscopy (SEM) using a Zeiss SUPRA 25-30-63 microscope. (see the SEM image in the inset
in Fig. 4,a).

Studies of the crystalline structure of NWs by transmission electron microscopy (TEM) show
that the axis of NW growth coincides with the [0001] axis. A large number of packing defects are
observed in NWs along the (0001) growth plane [14, 15].

The photoluminescent (PL) properties of NW arrays were studied using a Bruker Vertex 80v
FT-IR spectrometer equipped with a KBr beam splitter and Ge optical windows. The resolution
of the photoluminescence spectra was about 8§ MeV. A closed-cycle cryostat (Janis PTCM-4-7,
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USA) with zinc selenide windows was used for low-temperature measurements. A continuous-wave
diode-pumped solid-state Nd:YAG laser (A = 1064 nm) was used to excite the photoluminescent
response. The measurements were carried out with p-polarization and a 45° incidence angle of
pump radiation. An opto-mechanical modulator with a frequency of 340 Hz was used to modulate
the laser radiation. The PL signal was recorded by an InSb photodiode cooled with liquid nitrogen
and detected by an SR830 DSP lock-in amplifier.

The virtual crystal approximation (VCA) was used to model the electro-optical properties
of solid solutions. The plane -wave basis was used to represent wave functions; the PBEsol
exchange-correlation functional was used for geometry optimization [16]; the TB09 meta-GGA
potential was used for correct description of electronic properties and for construction of band
diagrams [17]. The calculations were carried out taking into account the spin-orbit interaction.
According to the calculation results (see Fig. 3,b), the observed shift in the position of the PL
maximum corresponds to InAs; P/ .

The electrophysical characteristics and spectral dependence of the photoconversion efficiency
of the array were measured by a four-probe system mounted on a cold finger of a nitrogen cryo-
stat. A halogen lamp and a monochromator (SOLAR Laser Systems M266-1V) were used as a
tunable source of monochromatic radiation. The photocurrent was measured using a Stanford
Research System SR570 current preamplifier and a Stanford Research System SR830 lock-in
amplifier. A reference photodiode with known characteristics in the spectral range of 600—2000
nm was used for calibration.

Fabrication of photodetector mesa structures

To study the functional characteristics of the arrays, photodetector mesa structures were
fabricated by post-growth technologies based on InAsP NW arrays epitaxially grown on
Si. Fig. 3 schematically shows the stages of the formation and a simplified diagram of the
NW-based photodetector.

1. Oxide layer etching 2. Thermal deposition and 3.SU-8 spin-coating 3.1TO deposition
annealing of Al contact

Fig. 3. Fabrication stages and schematic structure of InAsP NW photodetector on Si substrate:
H* etching and removal of oxide layer from the back of the substrate (1); thermal deposition
and subsequent annealing of Al contact (2); planarization of NW array with SU-8 epoxy resin layer (3);
deposition of transparent upper contact made of ITO (4)

At the first stage, H* hydrogen plasma was etched at a pressure of 500 mTorr with a dis-
charge power of 20 W for 5 minutes; this treatment is necessary to suppress surface states
and recombination centers at the heterojunction between InAs/Si NWs [18]. After the oxide
layer is removed, an ohmic back contact (aluminum, 200 nm thick) to the silicon substrate
was formed by vacuum thermal evaporation (heating of the target with an electron beam) and
rapid thermal annealing (300 °C). For partial planarization of the NW array, a layer of epoxy
resin (SU-8 photoresist) was applied to the front side of the array by spin-coating, filling
the free space between the N'Ws in the array. The thickness of the applied photoresist layer,
controlled by SEM, ensured the formation of front contact to the tips of the NWs (see Fig.
3). To remove the surface oxide from the tips of the NWs, the structures were pretreated in
1 : 3 HCI : H,O solution. The transparent top contact was a 200 nm thick indium tin oxide
(ITO) layer deposited through a shadow mask by high-frequency magnetron sputtering; the
Boc Edwards Auto 500 RF 10 Thermal Resistance Evaporator Coater (Great Britain) was
used for this purpose.
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Results and discussion

The characteristic PL spectra obtained at 5 K from arrays of reference InAs NWs and InAsP
solid solution NWs are shown in Fig. 4, a. Evidently, the position of the maximum of InAsP
NWs is shifted to the region of higher energies by about 120 MeV relative to InAs NWs; this is a
consequence of the wider band gap of the InAsP solid solution.

a b
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Fig. 4. Low-temperature PL spectra from InAs and InAsP NW arrays epitaxially grown
on Si (a) and calculated band diagram of InAs P, with sphalerite crystal structure (b)
Inset: SEM image of InAsP N'Ws

To estimate the phosphorus concentration in the sample under consideration, measurement
results of low-temperature PL were compared with the simulation results obtained within the
framework of density functional theory (see Fig. 3,b). The simulations were carried out in the
ABINIT program [19].

Fig. 5,a shows the measured and calculated dark /—V characteristics (VAC) at various tem-
peratures. Numerical simulation shows that a constant current value should be observed for a
negative bias in the ideal case. This means that the main contribution to the system is made only
by thermally generated charge carriers. The direct branch reflects an exponential dependence,
which corresponds to the process of injection of holes from silicon substrate into the InAsP array.

The experimentally obtained /—V curve (dependence of the reverse current on the magnitude
of reverse-bias voltage) indicates the presence of leakage currents in the array, associated with
non-radiative recombination. The latter is caused by the capture of charge carriers into trap states
forming near the InAsP/Si interface. A decrease in the operating temperature leads to slowdown
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Fig. 5. Electrophysical and spectral temperature-dependent characteristics of photodiode:
dependences of current density normalized by the area of the NW array
in mesa on voltage (a); spectrum of external quantum efficiency (EQE) ()
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in both thermal generation of carriers and their recombination through defects, which is man-
ifested as a decrease in reverse current. In addition, there is an increase in the knee voltage of
the diode caused by an increase in the band gap of InAsP with a decrease in temperature. The
positive branch has a characteristic bend associated with the presence of a series resistance in the
measuring circuit, induced, in particular, by the current-collecting top contact.

Spectral dependences of the external quantum efficiency (EQE) of photoconversion were
experimentally obtained for the considered photodetector array at zero bias in the wavelength
range of 1300—1900 nm. These EQE spectra are shown in Fig. 5,5. Notably, the photoresponse
for wavelengths less than 1300 nm due to absorption in the silicon substrate was not considered
in this study. For example, there is no photoresponse outside the absorption range of silicon at
200 K and above (without the application of an external electric bias), which indicates a high
recombination rate of photogenerated charge carriers. As the temperature decreases below 200 K,
the photocurrent in the long-wavelength region of the spectrum begins to increase. At 100 K, the
EQE value at a wavelength of 1380 nm reaches 0.25%.

We can assume that this behavior of EQE is caused by a change in the carrier transport mech-
anism in the active area of the NW array with a decrease in temperature. The Debye screening
length of the array was estimated to verify this assumption. It was found that at 300 K, the cal-
culated Debye length for InAsP is about 150 nm (particle concentration n, = 8-10'* cm™), which
is significantly shorter than the length of the NWs. Therefore, thermally generated charge carriers
effectively screen the built-in electric field, and primarily diffusive carrier transport takes place in
the active area of the array. Due to the small lateral size and well-developed surface of the NWs,
this type of transport is ineffective, which leads to preferential recombination of photogenerated
carriers on the surface states.

As the temperature decreases, the Debye length increases, and the screening area increases.
The main transport mechanism in the region of incomplete screening is carrier drift in the built-in
electric field between p-Si and n-InAsP, which occurs due to the difference in the positions of
the Fermi levels in the materials.

It can be concluded from the above that the diffusion length of photogenerated carriers in the
considered arrays at 7 > 200 K is insufficient for effective separation of charge carriers. This is
probably due to high density of packaging defects in NWs, reducing the mobility of charge carriers.

Analysis of the observed nonuniform spectral dependence of the array’s photoresponse leads
us to conclude that the light absorption efficiency strongly depends on the diameter and surface
density of the NWs in the array [20]. The calculation data and accounting for the morphology of
the NW array (the NW diameter is about 110 nm, the surface density is about 5.5 pm2) suggest
that the absorption coefficient of radiation with a wavelength of 1300 nm in the given array does
not exceed 5—7%.

Therefore, to further increase the sensitivity of the InAsP NW-based IR photodetector, it is
necessary to optimize the morphological parameters of the NW array by increasing their diameter
to 400—500 nm and surface density to 10 pm- or more.

Conclusion

We carried out comprehensive studies on the formation of InAsP NW arrays as well as their
optical and electrophysical properties. Post-growth technologies were developed to fabricate pro-
totype photodetectors based on InAsP NW arrays on the surface of Si(111) substrate. The tem-
perature dependences of their spectral sensitivity and electrophysical characteristics were studied.
We established that the experimentally measured external quantum efficiency of the system under
study reaches 0.25% for the IR range.
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