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Abstract. Photoluminescence of arrays of self-induced nanowires consisting of pure InAs
and of InAs diluted with nitrogen was studied in the 4.2—300 K temperature range. Formation
of the hexagonal wurtzite (nanowires) and cubic sphalerite (mostly parasitic islands) crystal
structure modifications was observed on a Si substrate used for the growth of the nanowires.

A decrease in the band gap of both crystalline phases due to the introduction of nitrogen was
established.
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Annoramusa. B wuntepBane temmepatyp 4,2—300 K wuccienoBaHa ¢hOTONIOMUHECIICHIIUS
MacCCHBOB CaMOMHIYLUMPOBAHHBIX HUTCBUIHBIX HAHOKPUCTAIOB M3 4YUCTOTO InAs u InAs,
pasbaBieHHOro aszoroMm. HaGmoganochk ¢opMupoBaHMe KaK reKcaroHajJbHOM THUIAa BIOPLIMTA
(HUTeBUIAHbIE HAHOKPUCTAIBI), TaK M KyOWuecKoil Tuma cdaneputa (IMperuMyLIECTBEHHO
nmapa3uTHble OCTPOBKM) (a3 KPUCTAUIMYECKON CTPYKTypbl MaTepuaja Ha Momajoxke Si,
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Introduction

InAs compound semiconductor has a direct band gap and high electron mobility, and is widely
used in infrared (IR) optoelectronics. The bulk InAs material has a cubic crystal lattice of the
sphalerite (zinc blende, ZB) type with a band gap E ~0.35 eV at the temperature 7' = 300 K.
Recently, interest has been growing in InAs-based nanowires (NWs); these can be used for the
fabrication of photodetectors and emitters operating in the mid-IR spectral region (wavelength
L =3—6 um) [1—3]. The transition to NW geometry provides an efficient method for electrical
and optical confinement, which can improve the efficiency of photo- and optoelectronic devices.
However, the growth of low-dimensional InAs structures allows for the formation of both cubic ZB
and hexagonal wurtzite (WZ) type structures [4], with E of the latter being ~0.4 ¢V at 300 K. In
this work, we studied the influence of the morphology and crystal structure modifications on the
InAs NW photoluminescence (PL) spectra. In addition, we used the PL method to study the
nitrogen dilution in NWs. Introduction of nitrogen can reduce optical £, and thus, extend the
working range of the devices to longer wavelengths. This effect is believed to originate in the
changes of electronic structure of the material through the interaction between localized N levels
and the InAs band states [5].

Materials and Methods

Arrays of NWs (120—150 nm in diameter and 1—2.5 pm in height) made of pure InAs and
InAs diluted with nitrogen (InAsN) were grown by plasma-assisted molecular beam epitaxy
(PA-MBE) using a Veeco GEN III MBE system on Si(111) substrates using the method described
elsewhere [6]. With the method, NW formation occurs without the use of third-party catalysts;
it proceeds in a self-induced mode at pinhole defects formed in the SiO_ layer under high
temperature annealing performed after wet substrate oxidation. According to scanning electron
microscopy studies, besides NWs, additional parasitic islands were formed on the SiO_ surface
outside of the pinhole defects due to the tendency of nitrogen to react with SiO .

PL spectra were recorded in the 7 = 4.2—300 K temperature range using MDR-23 grating
monochromator and excitation by a pulsed (1 kHz, 2 ps) semiconductor laser with A =1.03 um.
PL signal was detected with a lock-in amplifier using a cooled InSb photodiode.

Results and Discussion

Structural studies with X-ray diffractometry with reciprocal space mapping (XRD-RSM) and
transmission electron microscopy showed the domination of the wurtzite structure in the NWs
with clear presence of numerous stacking faults (SFs) along the [0001] growth direction.

PL spectra of the NWs recorded at low temperatures (not shown) contained two bands. At
T = 4.2 K these PL bands peaked at energies ~413 meV and ~456 meV for a pure InAs sample,
and ~400 meV and ~443 meV for an InAsN sample, respectively. The full-widths at half maxima
(FWHM) of the high-energy (HE) peaks were ~37 meV for the InAs sample and ~45 meV for
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the InAsN sample. For the low-energy (LE) peaks, the FWHMs equaled ~38 meV and ~29 meV,
respectively. At 7=274 K, the FWHM of the HE peaks equaled ~85 meV for the InAs sample
and ~51 meV for the InAsN sample. Comparison of the PL and XRD-RSM data suggested
that the high-intensity HE peaks originated in the NWs with the WZ structure, while the less
intense LE peaks were from the parasitic islands with the ZB structure. For the InAsN sample, a
~13 meV shift of the PL spectrum to longer wavelengths relative to that of the pure InAs sample
was observed for both PL peaks.

Figure 1 shows temperature dependences of the PL peak energy position E, for the studied
samples. As can be seen in Fig. 1, a, the E, (7) dependence for the LE peak from the sample
with NWs made of InAs (symbols /) is very similar to that for the interband transitions in a
commercially available (‘MeGa SM’) bulk (100)InAs sample; the latter dependence was recorded
under similar conditions using the same experimental setup (symbols 4). Both these dependences
agree very well with the F (T) curve calculated for ZB InAs (curve 3). The LE peaks were
observed in the spectra up to T= 125 K for the sample with NWs made of InAs (Fig. 1, @) and up
to 7= 50 K for the sample with NWs made of InAsN (Fig. 1, b). HE peaks (symbols 2) showed
no pronounced £, (7) dependence up to about 50 K. With temperature increasing further, the
slope of £, (T) dependence for these peaks approached that of the F ( T) dependence for InAs At
T=42 K the E,, for the HE peak for InAs NWs (~456 meV) was smaller than the known (both
from calculations and experiments, see, e.g., refs. [6, 7]) band gap of WZ InAs (~477 meV). This
can be explained by the above—mentioned presence of SFs, as those lead to a red-shift of the PL
peak compared to the calculated WZ band gap value [6].

a) b)
[ ]
0.48 41— WZ InAs 0-44'.. ° ® ) ° 2 °
0.42 14— Wz 0.78% of N
046 0., . . 2° ﬁ o ;
o0 - ¢ 4040 o
% %.) ®eo o 1
> 0.44+  0.38]
w w l— WZ 1.56% of N
0.361
042 l— 7B0.93% of N
0.344
7 —— WZ 2.34% of N
040 0.321 ©
0.38 y T ) 0.30— 28 1.85% of N . .
0 50 100 150 0 50 100 150
T, K T.K

Fig. 1. Temperature dependences of the energy: of LE (/) and HE (2) PL peaks for the sample

with InAs NWs (a) and for the sample with InAsN NWs (b). Solid curves 3 show calculated F (T)

dependence for ZB InAs. Dots (4) show interband PL peaks for bulk InAs (a). Dashes show calculated
Eg values for WZ and ZB InAs (a) and WZ and ZB InAsN (b)

To estimate the amount of nitrogen incorporated in the material, WZ InAs and InAsN band
structures were calculated using density functional theory (DFT) with GPAW software package [§].
A quasi-random structure (SQS) approach [9], which allows for emulating a random distribution
of impurities in semiconductor alloys, was used to find the dependence of the E of InAsN on
nitrogen concentration. The calculations were performed for two SQS constructed from the
WZ InAs unit cell, with 192 and 256 atoms, corresponding to 4x4x3 and 4x4x4 supercells,
respectively, and for one SQS constructed from ZB InAs cell with 216 atoms, corresponding
to a 3x3x3 supercell. Dashes in Fig. 1, b show the results of the DFT calculations for InAsN
with various nitrogen concentrations. As can be seen, the band gap energy calculated for these
concentrations appear to be significantly smaller than the energy of PL peaks observed in the
experiment. Thus, to assess the actual amount of nitrogen in the material, a linear approximation
for the dependence of calculated E on nitrogen concentration (in %) was used. For ZB InAsN
structure, this approximation yielded —55 meV/% slope and the amount of nitrogen in the parasitic
islands in the studied sample was estimated as 0.5%. For WZ InAsN structure, at low nitrogen
concentrations (up to 1%), the calculated slope appeared to be steeper (—77 meV/%); also, the
effect of the SFs, which reduced HE E,,, in the pure InAs NWs, had to be considered. The resulting
amount of nitrogen in the material constituting NWs made of InAsN was estimated to be 0.7%.
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Conclusion

In conclusion, we have studied photoluminescence of arrays of self-induced NWs grown
by PA-MBE on Si substrates and consisting of pure InAs and InAs diluted with nitrogen. In
the PL spectra, we observed optical transitions in both the NWs with the WZ structure and
parasitic islands with the ZB-type structure, the latter being formed as a by-product of the growth.
Introduction of nitrogen lead to the red shift of the PL response from both the NWs and the
islands by ~13 meV. On the basis of this data, the nitrogen concentration in the InAsN material
was assessed as 0.5—0.7%.
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