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Abstract. The unique properties of dilute nitrides, such as GaPN(As), make them highly
promising for use in solar cells and optoelectronic devices. In this work we report on the investigation
of the effects of rapid thermal annealing on the structural and optical properties of GaPN(As) solid
solutions. The GaPN(As)-based heterostructures were grown on a silicon substrates by plasma
assisted molecular beam epitaxy. The effect of rapid thermal annealing on the properties of these
materials was studied using photoluminescence spectroscopy and X-ray diffraction analysis.
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BnusHue 6bICTPOro TepMMUYECKOro OT)XXMra Ha CBOMCTBA CTPYKTYp
GaPN(As), BbipalleHHbIX HA KPeMHHMEBbIX NOAJI0KKAX
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AHHOTanus. YHUKAJIbHbIC CBONCTBA pa30aBIeHHBIX HUTPUAOB, Taknx Kak GaPN(As), nenatot
UX TEePCHEKTUBHBIMU [JiI UCTIONb30BAHUSI B COJHEUHBIX DJEMEHTaX M OINTO3JEKTPOHHBIX
npubopax. B maHHoii paGoTe MBI HMccienyeM BIUSHHE OBICTPOTO TEPMUYECKOTO OTKWTra Ha
CTPYKTYpPHbIE U OINTHUYECKUE CBoicTBa TBepAblx pacTBOpoB GaPN(As). T'eTepocTpyKTyphl
GaPN(As) Obl BbIpallleHbl Ha KPEMHHUEBBIX IOUIOKKAX METOIOM MOJIEKYJISIPHO-TTYYKOBOM
SMUTAKCHU C TUTA3MEHHOU aKTUBaIueil. BausHue ObICTPOro TEpMUIECKOTO OTXKUTA Ha CBOWCTBA
9TUX MaTepuajoB OBIJIO M3YyYEHO C TOMOIIBIO (DOTOJTIOMUHECIICHTHON CHEKTPOCKONMUU U
PEHTTEHOCTPYKTYPHOIO aHaIU3a.
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Introduction

Dilute nitrides are a class of I1I-V semiconductors in which a small fraction of the group V
atoms is replaced by nitrogen. Low-nitrogen solid solutions, such as GaPN(As), show unique
properties, including direct and variable bandgap on the condition of lattice matching with silicon
substrates [1]. Thus, these materials have the potential for creating efficient light-emitting devices
for integrated silicon photonics.

It is known that heteroepitaxy on Si substrates leads to the formation of many defects in
GaPN(As)-based structures [2]. This in turn leads to degradation in their optical properties. At
the same time, many studies have shown that the optical properties of GaPN(As) alloys can be
improved if the density of defects is reduced. It can be achieved by optimizing the growth condi-
tions or by performing post-growth rapid thermal annealing [2—5].

Materials and methods

In this study, a heterostructures with bulk GaPN(As) layer were grown by plasma assisted molec-
ular beam epitaxy on a silicon substrate with a (001) orientation misoriented by 4°. We investigated
three samples: 1, GaP N ./Si with a bulk layer thickness of 300 nm; 2, GaP N, ./Si with
a bulk layer thickness of 600 nm; 3, GaP N ,As  /Si with a bulk layer thickness of 1200 nm.

After growth, the samples were annealed at temperatures of 830, 850 and 870 °C for 30 seconds
on a Jipelec JetFirst 100 setup in a nitrogen atmosphere. The optical properties of heterostructures
before and after annealing were studied by photoluminescence (PL) spectroscopy in the range
of 550—700 nm at room temperature. The structural properties were assessed by X-ray diffraction
analysis using an X-ray diffractometer DRON-8 (with the copper anode with radiation type Kal
(L = 1.5405 A).

Results and discussion

The PL spectra of the first and second samples before and after rapid thermal annealing (RTA)
are presented in Fig. 1, a, c. The peak PL intensity of the sample 1 after annealing increases about
two times at temperatures of 830 and 850 °C and has not changed at 870 °C. The peak PL intena
sity of the sample 2 after annealing increases about two times at temperatures of 830 and 870 °C
and about three times at 850 °C. So, the maximum PL intensity was obtained at a temperature of
830 °C for sample 1 and 850 °C for sample 2. In addition to the intensity increase, a shift of the
peak wavelength to the short-wave region of the spectrum (blueshift) was observed with increasing
annealing temperature. More details of the changes in the photoluminescence peak for sample 1
and 2 are shown in Fig. 1, b, d.

The increase in PL intensity may be due to the density of N-related point defects is reduced by
RTA [3]. The blueshift could be caused by the increase in injected carriers due to the decrease of
defects and the improvement of the uniformity of the nitrogen compositions after annealing [6].
At annealing temperatures of 850 and 870 °C peaks corresponding to different composition of
GaPN appear. This indicates splitting of homogeneous composition of GaPN into regions with
different concentration of nitrogen.

The third sample’s intensity doubled after annealing at 830 °C and increased by one and a half
times after annealing at 850 and 870 °C (Fig. 2, a). For the last two temperatures extra bends of
the PL curve appear, as it was in the case of the second sample, indicating the presence of dif-
ferent nitrogen clusters.
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Fig. 1. PL spectrum of samples 1 (a) and 2 (¢) without annealing and after RTA
at different temperatures; dependence of peak PL intensity on annealing temperature (blue stars)
and wavelength on annealing temperature (black squares) of samples 1 (b) and 2 (d),
where 7| corresponds to no annealing, 7,, T,, T, to 830, 850, 870 °C, respectively
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Fig. 2. PL spectrum of the sample 3 without annealing and after RTA at different temperatures (a);
dependence of peak PL intensity on annealing temperature (blue stars) and wavelength
on annealing temperature (black squares), where 7| corresponds to no annealing,
T, T,, T, to 830, 850, 870 °C, respectively (b)

At the same time, the X-ray diffraction pattern shows that the crystal structure of the bulk layer
remained unchanged, that is the XRD curve shape does not depend on the annealing temperature
(Fig. 3).

A slight shift in the peak of the buffer layer is also observed. Shift to the right is due to stress
relaxation in the buffer layer, since number of defects decreases after annealing.
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Fig. 3. XRD curves without annealing and at different annealing
temperatures of sample 1 (a); sample 2 (b); sample 3 (¢)

Conclusion

We have studied the effects of rapid thermal annealing on the optical and structural properties
of GaPN(As) layers grown on a silicon substrate by plasma assisted molecular beam epitaxy. It was
shown that the rapid thermal annealing process at 830—870 °C for 30 s in N, atmosphere success-
fully improves, as expected, the PL intensity of the GaPN layers about two and three times and
the GaPNAs layer about two times. In addition, the optimal annealing temperature of samples was
found (830 and 850 °C). At the same time, a decrease in the density of defects was observed and no
changes in the structural properties of the bulk layers GaPN(As) were observed after RTA.
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