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Abstract. In the paper, the patterns of changes in the composition and structure of the surface 
layers of GaP(111) in bombardment by electrons with energies from 3 to 10 keV and doses in 
the range 1017–1020 cm–2 have been studied using the method of Auger electron spectroscopy 
and recording the angular dependence of the electron inelastic reflection coefficient. It was 
established that the surface layers of GaP were enriched with P atoms at E = 3 keV, and with 
Ga atoms at E = 10 keV. In both cases, the Ga atoms distribution profiles over the depth the 
sample were non-monotonic. The electron energy value at which an inversion of the surface 
composition took place was estimated. An analysis of the results obtained was given.
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Аннотация. В работе изучены закономерности изменения состава и структуры 
поверхностных слоев GaP (111) при бомбардировке электронами c энергиями 
Ее = 3 – 10 кэВ и дозами D = 1017 – 1020 cм–2. Для этого использован метод оже-
электронной спектроскопии и регистрация угловой зависимости коэффициента 
неупругого отражения электронов. Установлено, что при Ее = 3 кэВ поверхностные 
слои GaP обогащаются атомами P, а случае Е0 = 10 кэВ – атомами Ga. В обоих случаях 
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профили распределения атомов Ga по глубине образца имеют немонотонный характер. 
Оценено значение энергии электронов, при котором происходит инверсия состава 
поверхности. Дан анализ полученных результатов.
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Introduction

Nanoscale heterostructures based on binary semiconductors, including gallium phosphide (GaP), 
are widely used and show potential for creating monolithic optoelectronic integrated circuits, photo-
voltaic cells, optical and electronic pumping lasers, as well as microwave electronics devices [1–6]. 
It is therefore important to accumulate data on the electronic, optical, emission and electrophysical 
properties of these structures and analyze various factors influencing their properties [7–10].

Diverse methods are used to modify the physical properties of binary compounds, includ-
ing thermal heating, etching, laser irradiation as well as ion bombardment and implantation. 
Monolithic integrated circuits on substrate surface (silicon is commonly used) are typically fabri-
cated by growing epitaxial films with a direct bandgap transition [1, 11].

GaAlP and GaAlAs nanophases and nanofilms were obtained in [12–14] by implantation of 
Al3+ ions into gallium phosphide and arsenide (GaP (111) and GaAs (111)). It was found that 
quantum-size effects appear for GaAlP nanophases with surface dimensions less than 35–40 
nm and thicknesses of 3.5–4.0 nm. Due to the large bandgap in GaAsP (2.26 eV) and favorable 
displacements of the valence band and the conduction band [15, 16], the efficiency of GaAsP/
Si-based solar cells can theoretically reach 41.9% [17].

Experimental studies and computer simulation were carried out in recent years on the effect 
of ion bombardment of inert gases on the composition and surface structure of GaP and InGaP 
films [18, 19].

For example, the effect of surface defects on the trajectory of dechanneled ions and its depen-
dence on the energy and scattering angle of these ions was studied in [19]. It was established 
experimentally that metallization of CoSi 2 and GaP surfaces occurs upon bombardment with Ar+ 
ions [18].

Thus, the effects of ion bombardment, heating, and laser irradiation on the composition 
and physical properties of A3B5 single crystals are well-understood. However, the effect of elec-
tron bombardment on the composition and structure of single-crystal gallium phosphide samples 
remains virtually unexplored.

The goal of this paper is to analyze the effect of electron bombardment on the composition 
and structure of the surface layer of single-crystal gallium phosphide GaP (111).

Experimental procedure

Single crystal GaP (111) samples with a diameter of about 10 mm and a thickness of 1 mm 
were selected as the object of study. The samples were studied by Auger electron spectroscopy 
(AES) and ultraviolet photoelectron spectroscopy to record the angular dependences of inelas-
tic electron backscattering coefficients. The depth distribution profiles of embedded atoms were 
obtained by Auger analysis performed by sputtering 1 keV Ar+ ions over the sample surface; the 
ion incidence angle was approximately 80–85° relative to normal, the etch rate of the surface was 
about 5 ± 1 Å/min.
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Results and discussion

GaP surface was bombarded by electrons with 
energies Ee in the range of 3–10 keV at doses D 
ranging from 1017 to 1020 cm–2 and current density 
j of the order of 5∙10 16 electrons/cm2. No notice-
able changes were observed in the composition 
and structure of GaP surface of gallium phosphide 
with an increase in the dose to the level D ≈ 1018 
cm–2. Fig. 1 shows the dependences of surface 
concentration CGa of gallium atoms on the radi-
ation dose D for GaP bombarded with electrons 
with energies of 3 and 10 keV. It can be seen for 
the energy Ee = 3 keV that the surface concen-
tration CGа decreases monotonically 8–10 at.% 
in the dose range D = 1017–1019 cm–2, i.e., the 
surface is enriched with phosphorus atoms. At Ee 
= 10 keV, CGа increases by 12–15 at.% with an 
increase in dose from 1017 to 5∙1019 cm–2. In both 
cases, a further increase in dose does not lead to 
a change in the magnitude of CGа, i.e., the cor-
responding dependence curve reaches saturation. 
At Ee = 3 keV, the saturation dose Ds is 10

19 cm–2, 
while Ds ≈ 5·10

19 cm–2 at Ee = 10 keV. Thus, the 
surface concentration CGа at dose D = Ds may 
decrease or increase depending on the energy Ее.

Fig. 2 shows the dependence of relative surface 
concentration ∆CGа on the energy Ee in the range 
Ee = 3–10 keV at D = Ds. It can be seen that 
the curve of this dependence passes through zero 
in the range Ее = 6–7 keV. The variation rate 
of ∆CGа decreases starting from Ee ≈ 9 keV. GaP 
decomposes into its constituent atoms in the pro-
cess of electron bombardment, and surface disor-
dering occurs in the near-surface region of GaP.

The degree of surface disordering was estimated from the angular dependences of the inelastic 
electron backscattering coefficient η at Edis = 800 eV; this coefficient is denoted as η800 in Fig. 3. 
The escape depth of inelastically backscattered electrons was about 100–120 Å. As evident from 
Fig. 3, the curve η(φ) of unirradiated GaP (111) shows pronounced peaks due to inelastic back-
scattering of electrons from different crystal planes. A significant decrease in the absorption inten-
sity and the shift in the main peaks were observed after irradiation with electrons with Ee = 3 keV. 
Complete disordering of the layers likely did not occur. At Ee = 10 keV, the peaks on the η(φ) 
curves were completely smoothed out, which is typical for amorphized films.

The changes in GaP composition in the near-surface layer during electron bombardment 
were estimated by recording the distribution profiles of Ga atoms at D = Ds over the depth h of 
the sample (Fig. 4). Evidently, at Ее = 3 keV, the relative concentration ∆CGа did not change 
considerably up to a depth of 15–20 Å (see curve 1 in Fig. 4). The concentration increases 
monotonically from about –10 to +9 at.% in the range of depths h ≈ 20–110 Å; then, as the 
depth increases, it decreases approximately exponentially, approaching zero at h ≈ 160–165 Å. At 
Ee = 10 keV, the ∆CGа(h) curve decreases as it passes through zero, then through a minimum at 
h ≈ 200 Å, grows exponentially and finally approaches zero starting from h ≈ 250 Å.

Analysis of results obtained. The main changes in the composition and structure of surface 
and near-surface layers observed during electron bombardment occur at doses D not less than 
1017 cm–2. A noticeable decomposition of GaP into constituent atoms and disordering of surface 
layers occurs at Ee ≈ 3 keV starting with a dose D ≈ 4∙1017 cm–2, and at Ee ≈ 10 keV starting with 
a dose D ≈ 1017 cm–2. With an increase in the electron irradiation dose, the degree of disordering 
in surface layers of GaP increases both in the case of Ее = 3 keV and at Ее = 10 keV.

Fig. 1. Surface concentration of Ga atoms 
as function of electron irradiation dose 

for GaP surface bombarded by electrons 
with energies Ee = 3 keV (1) and 10 keV (2)

Fig. 2. Relative surface concentration of Ga 
atoms as function of electron bombardment 

energy Ee = 3–10 keV at D = Ds
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Phosphorus atoms diffuse towards the sur-
face in the process of electron bombardment 
due to the difference in the atomic masses 
of phosphorus and gallium (the atomic mass 
of P is smaller than the atomic mass of Ga). 
Apparently, only a small part of GaP molecules 
decomposes at an electron energy Ee = 3 keV, 
and there is no noticeable evaporation of atoms 
from the surface.

Thus, the surface layers are enriched with 
P atoms and depleted in Ga atoms at depths 
of no more than 50 Å. As P atoms escape from 
the near-surface layer at h ≈ 50–90 Å, the con-
centration of Ga atoms in this layer increases 
(see Curve 1 in Fig. 4). This follows from the 
fact that the areas under the curves –∆CGа(h) 
and +∆CGа(h) are virtually identical. In the 
case of electron energy Ee = 10 keV, the main 
change in the composition occurs to depths 
h ≈ 250–300 Å. The majority of P atoms dif-
fusing to the surface evaporate; this means that 
the surface layers are enriched with Ga atoms 
to a depth of 120–150 Å. A small fraction 
of P atoms cannot diffuse up to the surface, 
and these atoms increase the concentration 
of phosphorus at depths of 160–240 Å (see 
Curve 2 in Fig. 4).

Conclusion
The study provides a first glimpse into the effect of electron bombardment on the composi-

tion and crystal structure of GaP (111) surface serving as a target in the electron energy range 
Ee = 3–10 keV. We detected the variations in the surface concentrations of gallium and phos-
phorus atoms and their depth distribution profiles depending on the energy and electron dose. It 
is established that at the surface region of GaP is enriched with phosphorus atoms at Ее ≤ 6 keV, 
and with gallium atoms at Ее ≥ 6 keV. According to the estimates obtained, the electron energy at 
which inversion of the composition of the surface layer occurs was approximately 6.4 keV.

Our findings can be useful for developing monolithic integrated circuits based on 
AIIIBV compounds.

Fig. 3. Angular distribution of inelastic 
electron backscattering by GaP surface 
before bombardment (curve 1); for GaP 
bombarded with 3 keV (curve 2) and 10 keV 

(curve 3) electrons
Vertical dash-dotted lines show the positions 

of the peaks on the curves associated with inelastic 
backscattering of electrons from various crystal 

planes of GaP. Еdis = 800 eV

Fig. 4. Distribution profiles of Ga atoms over depth h of GaP sample bombarded 
by electrons with energies Ee = 3 keV (1) and 10 keV (2), at D = Ds
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