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Abstract. In order to search for materials with improved semiconductor properties, thin
films of GalnP have been fabricated on the GaP surface (the molecular beam epitaxy and
ion implantation procedures were used). These films were investigated by the Auger electron
spectroscopy, ultraviolet photoelectron and light absorption ones. The energy and angle de-
pendences of the secondary-electron-emission coefficient (SEEC) were obtained as well. An
analysis of the experimental data allowed for the first time to determine the main energy-band
and emission parameters of the Ga In  P/GaP(111) nanofilm. The energy-gap width was
found to be 1.85 eV, which was signiﬂcanf'ly less than that of the substrate GaP, and thus, the
maximum value 6 of the SEEC and the quantum yield K of photoelectrons (at hv =10.8 eV)
values of the Gaogfno_ ,P/GaP system decreased slightly relative to the pure GaP.
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Annotanug. C 1edpl0 IOMCKa MaTepuana ¢ YJIYYIIEHHBIMU MOJYINPOBOAHUKOBBIMU
CBOMCTBAMM OBUIM WM3rOTOBJIEHBI ToHKMe TuteHkKn GalnP wa mosepxHoctn GaP
(MCcTI0TE30BaHBI METOIBI MOJICKYJISIPHO-JIYIeBOM SMMUTAKCUUA WM MOHHOW MMILIAHTAIUM). DTU
IUICHKW OBUIM M3yYEeHBI METOAAMM OXE-3JCKTPOHHOM CIIEKTPOCKOINH, YIbTpaduoaeTOBOM
(GOTORJIEKTPOHHON CHEKTPOCKOMUM, a TaKXKe OINTUYECKON CIEeKTPOCKOMUM IOTIOIIESHUS
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cBeta. bbuim Takke MOJlydeHbl DHEPTETUYECKHUE M YIJIOBbIE 3aBUCUMOCTH KO3Gh(MUIIMEHTOB
BTOPUYHOU 3JIEKTPOHHON B3MUCCUU. AHAIU3 TOJYYEHHBIX OKCIMEPUMEHTATbHBIX JaHHBIX
MO3BOJIAJI BIIEPBBIE OMPEACIUTh OCHOBHbBIEC MMAPAMETPbl SHEPTETUYECKUX 30H U SMUCCUOHHBIE
napaMeTpbl HaHorieHkKu Ga 6111 P/GaP (111). YcraHoBiaeHO, YTO IIMPUHA 3aMpPeLICHHON
30HBI TJIEHKM paBHa 1,85 3]§ qTo CYIIIECTBEHHO MEHbIIIe, YeM TakoBas y Tomioxku GaP;
CJIeIOBATEJIbHO, MAKCUMAaJIbHOE 3HAaUeHNEe KOA(DUIIMeHTa BTOPUUYHOUN 3JIEKTPOHHOM IMUCCUM
G .. ¥ KBaHTOBBIN BbIx01 (porosnekrpoHoB K (mpn hv = 10,8 3B) cucrembl Ga JIng P/GaP
HEMHOTO yMEHbIIIAIOTCSI OTHOCUTENbHO ynucTtoro GaP.

KnioueBble cjioBa: rpuHa 3apelieHHON 30HbI, DOTOMOIJIOIEHNE, 30HHO-9HEPreTUYeCK1e
rnapaMeTpbl, HAHOIUIEHKA, TeTePOCTPYKTYypa
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Introduction

A"BY binary semiconductors and multicomponent heterostructures based on them are widely
used in the creation of various opto-, micro-, and nanoelectronic devices. In particular, multilayer
structures with GaP, GalnP, AlGalnP layers are used and hold promise for the manufacture
of laser diodes, solar cells, photovoltaic and optoelectronic devices. Particular interest is the
preparation of ternary solid solutions such as Ga,_ Al As, Ga In_P with an adjustable band
gap [1 — 4]. At present, the composition, structure, optical and electronic properties of
Ga, Al As / GaAs multilayer structures fabricated by various epitaxy methods are well studied,
whlc)h is associated with their wide use in various micro- and optoelectronic devices [5 — 10].

Ga In, xP alloys with a large band gap can potentially be used for high junction in tandem
solar cells and yellow-green light emitting diodes [5, 6]. Due to the weak luminescence emission,
studies of the optical properties of Ga In, P alloys near the intersection of straight and 1nd1rect
bands and in the region of indirect bands are more difficult than those for straight bands [5 — 7].
In addition, the absence of lattice-matched substrates and the ordering of effects complicate the
studies. The authors of Ref. [8, 9] provided detailed information on the electronic structure of
Galn P(0<x<1l).

txpenmental results obtained in Ref. [10] showed that the luminescence efficiency of LEDs
based on Ga In_P significantly decreases at an emission wavelength shorter than 590 nm
(<2.1eV). Desplte the problems of carrier confinement for Ga In, P alloys with a large band gap
[11, 12], a simplified approach has been developed to simulate the degradation of luminescence
intensity depending on the energy separation between direct and indirect bands [13].

In Ref. [14], Ga In, P films were doped with tellurium ions with a concentration from 7-10'¢
to 2:10" cm™. The stuéy of the photoluminescence spectra showed that the transition from the
indirect band to the direct one occurs at the temperatures between 40 and 100 K, and the direct
emission of the band dominates in the photoluminescence (PL) spectra at room temperature.

In recent years, the most common method of fabrication nanofilms on the surfaces of
semiconductor and dielectric films has been the low-energy ion implantation in an annealing test
[15 — 19]. It has been established in private studies that when high-dose bombarded with argon
ions Ar+, the surface is enriched with gallium (Ga) atoms, and when bombarded with metal ions
(Me = Ba* and Na"), Ga and Me atoms are enriched. However, such studies have not yet been
practically carried out for the case of gallium phosphide (GaP) implanted with low-energy In*
ions [20 — 22].

This paper is devoted to investigation of physical properties of GalnP/GaP(111) nanofilms
formed by means of implantation of In* ions into GaP.

© Mupunos I'. M., onaes C. Bb., YmupzakoB b. E., Jloboga B. B., 2023. Wzmartens: Cankrt-IletepOyprckuii
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Materials and research methods

GaP(111) single-crystal samples were chosen as target of research. Prior to ion implantation,
they were degassed under conditions of ultrahigh vacuum: the pressure P = 1077 Pa at the
temperature 7 = 900 K for about 4 hours.

Molecular beam epitaxy (MBE) is the most promising method for growing these structures.
In the process of MBE being a vacuum deposition, the film growth is determined mainly by the
kinetic interaction of beams with the crystal surface, in contrast to other methods. Prior to MBE,
the GaP(111) samples were degassed under conditions of ultrahigh vacuum (P = 107 Pa).

Ultraviolet photoelectron spectroscopy (UVPS) was used, and the energy and angular
dependences of the secondary electron emission (SEE) coefficients were obtained. Ultraviolet
photoelectron spectra were recorded at photon energies #v = 10.8 eV. The photon source was a
standard hydrogen-discharge lamp.

Results and discussion

The GalnP thin films with a thickness of 30 — 50 A were formed by implanting In* ions into
GaP(111) followed by annealing at 7= 950 K. Fig. 1 shows the photoelectron spectra of GaP
implanted with In* ions with an energy E of 1 keV at a dose of 6- 10'* cm™ and annealed at
T'=950 K for 40 min. In this case, a nanocrystalline film of the Ga  In P type with a thickness
of d = 30 — 35 A was formed. These spectra reflect well the density d1str1but10ns of electronic
state in the valence band. One can see that the pure GaP spectrum exhibits maxima at binding
energies £, ~—0.8, 2.2 and —4.0 eV, probably due to the excitation of electrons from the 4p and
(4p + 4s) states of Ga, as well as the hybridization of the 4s state of Ga with the 3s one of P
(see Fig. 1, curve /). In the case of the GalnP film, the spectrum (see Fig. 1, curve 2) contains
intense peaks with £, = —1.2, -3.3 and —5.6 €V, apparently associated w1th the excitation of
electrons from the hybrldlzed electromc states of 4s(Ga) + 5p(In), 4s(Ga) + S5p(In) + 3d(P), and
45(Ga) + 5s(In) + 3d(P).

Fig. 2 presents optical absorption spectra (graphs of the relative intensity I of the light passing
through the sample versus the photon energy 4v) for GaP(111) and GaP(111) with a Ga, In P
film with a thickness of d ~ 50 A. '

As Fig. 2 suggests, at first the / value does not change practically with an increase in Av,
and then sharply decreases approaching zero. For the GaP(111) and GalnP/GaP nanofilms, a
decrease in the / value is observed from Av = 2.2 eV and hv = 1.7 eV, respectively. Extrapolation
of the sharply decreasing parts of the curves to the /v axis gives the value of the band gap Eg of

N

4p(Ga)+ 5p(In)

45(Ga) + S5p(In)+3p(P)
I

45(Ga) + S5s(In)}+3p(P)

H i
4p+ds 4p(Ga)

(Ga)

(15(Ga) 13p(P)

1/ AE=0 9

Eb: eV -4 -2 EV =0

Fig. 1. Photoelectron spectra of the samples under study:
GaP(111) (curve 7); GaP(111) with the Ga, In P film about 50 A thick (curve 2)

Identification of peaks 1s given
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Fig. 2. Optical absorption spectra of GaP(111) (/) and GaP(111)
with the Ga In P nanofilm about 50 A thick (2)

the material. As can be seen from Fig. 2, the E value for GaP(111) is approximately equal to
2.36 €V, and for the Ga, In P film it is about 185 eV.

Table presents the obtameé values of main energy band parameters and emission characteristics
of the samples under study. The photoelectric work function and electron affinity are determined
by the formulas:

O =hv-AE,

where AE is the width of the photoelectron spectra, and

nw=0 - Eg.

In heterostructural systems, the degree of crystallinity and epitaxiality of a nanofilm is of
particular interest. For the film thickness d < A (A is the photon wavelength), the degree of
epitaxiality can be estimated from the angular dependences of the secondary electron emission
(SEE) coefficients. Fig. 3 shows the dependences o, (¢) for pure GaP(111) and for GaP with
a GalnP film 50 E thick formed by ion implantation in combination with annealing and MBE.
Here o, is the value of ¢ at electron energy E = 800 eV. The angle ¢ was determined with
respect to the normal of the sample.

Table

The obtained values of main energy-band parameters
and emission characteristics of the samples under study

) ) Parameter value
Parameter Notation | Unit
GaP(111) | Ga, In P

Photoelectric work function o 53 5.5
Band gap E, eV 2.36 1.85
Electron affinity ® 2.94 3.65
Coefficient gf §econdary - 195 170
electron emission (max) max
Quantum yield s P
of photoelectrons (at #v=10.8 eV) K 6-10 10
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Fig. 3. The angular dependences of the secondary electron emission coefficient for pure GaAs (/), for
GaP with the Ga Al As film (50 A thick) formed by ion implantation (2) and MBE (3).

Crystallographic directions are shown

As evident from Fig. 3, a nonmonotonic increase in the value of 6., with increasing ¢ occurs
in all cases. Maxima and minima are observed on the o, (@) curves, and their positions are
related by certain crystallographic directions.

The angular positions of the peaks for GaP and the GalnP nanofilms formed by ion
implementation are in well arrangement with each other. From this observation, we can conclude
that a strict epitaxial growth of the Ga  In P film takes place in this case. As for the MBE case
(see Fig. 3, curve 3), The peak intensity on the o, (¢) curve significantly decreases as compared
to the corresponding GaP one, and new peaks appear near these peaks. The processing of the
o(¢) dependences taken at different Ep values made it possible to establish that the exit depth
was about 50 A at £ ~ 200 eV. In this case, the GaP peaks completely disappeared on the o(d)
curve, while the intelrjlsity of the GalnP peaks increased significantly.

Conclusions

The information about the state density of valence electrons and the energy bands parameters
of Ga In P nanofilms has been presented. The nanofilms were fabricated by In* implantation in
GaP with subsequent annealing; in this case, a strict epitaxial growth of the film took place. The
crystallographic orientations of GalnP and GaP were established to coincide completely at the
interface. Moreover, the energy gap of the GalnP nanofilm was found to be 1.85 eV.
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