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For the first time, information on the surface relief of the layered GaS and doped GaS:Yb single crystals
subjected to gamma-irradiation was obtained using atomic force microscopy (AFM) and Fourier-transform infrared
spectroscopy (FTIR). It was found that GaS is characterized by a non-uniform distribution of irregularities with
different heights and periodicities, and when doping crystals with Yb atoms, the distribution of irregularities
becomes more orderly, the height and periodicity of irregularities decreases. In the FTIR spectra, changes in the
reflection coefficients of the surface of GaS and GaS:Yb single crystals are observed as a function of the gamma-
irradiation dose (@, = 30...200 krad), and on the basis of spectroscopic and microscopic changes, it was found that

doped single crystals are the most radiation-resistant.
PACS: 78.30.Fs; 61.80.Ed; 61.82.Fk

INTRODUCTION

Layered A®B°® semiconductors, in particular, gallium
sulfide single crystals (GaS) are promising materials for
radiation detectors of various types. On the basis of
these single crystals, radiation detectors of gamma-
quanta operating at room temperature [1-5] are
fabricated. The increased interest in these compounds is
due to the anisotropy of their crystalline structure,
which allows obtaining perfect faces with a sufficiently
low density of surface states, which is important for
obtaining high quality heterojunctions.

One of the effective methods for changing the
surface of layered gallium sulfide single crystals is to
irradiate it with y-quanta [2—6]. The depth of penetration
of gamma-quanta is comparable to the value of the
inverse light absorption coefficient (~ 10 nm), which
leads to the desorption of gases from the surface and
recharging the surface active centers. This factor is
decisive in many processes occurring near the surface of
the crystal. Therefore, studying the effect of external
influences, including gamma-radiation, on the edge
photoconductivity (FC) of a defective semiconductor,
one can establish the role of surface heterogeneity and
roughness during its formation [4]. The most
informative methods for studying the surface of
semiconductors are the methods of FTIR and AFM
[7, 8].

Based on these considerations, the present work
presents the results of AFM and FTIR studies of
changes in the surface relief of gamma-irradiated
layered GaS and GaS:Yb single crystals.

EXPERIMENTAL TECHNIQUE

Single crystals of p-GaS were grown by the method
of directional solidification of the melt (vertical version
of the Bridgman method). When growing GaS, an
excess of sulfur (1.5%) was used to determine the
possibility of filling vacancies with sulfur atoms. The
resistivity of the samples obtained along and
perpendicular to the C axis at room temperature was
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3-10” and 2-10° Q-cm, respectively. Doping of Yb was
carried out in the process of crystal growth, and the
concentration of Yb in crystals was Ny, ~ 10* cm?.
Indium, which was smelted on the surface of gallium
sulfide at a temperature of 150 °C, was used as the
ohmic contacts. Microstructural and X-ray phase
analyzes showed that the obtained crystals were
homogeneous and did not contain crystalline inclusions
[2, 3].

The Fourier transform infrared reflection spectra of
the samples were recorded on a Varian 3600 FTIR
spectrometer in the frequency range v = 400...100 cm™
at room temperature. The reflection spectra were
obtained at an angle of incidence ¢ = 15°.

Microscopic studies of the surface relief of the initial
gamma-irradiated GaS and GaS:Yb samples were
carried out with an AFM. For this purpose, two-
dimensional (2D) and three-dimensional (3D) surface
AFM images were obtained, as well as histograms
(distribution curves of surface images on the size of
irregularities) in the horizontal and vertical directions.
Samples were irradiated with gamma-quanta from a
%Co source at room temperature with a dose rate
do,/dt = 15.66 rad/s. The samples were irradiated with
doses of 30, 50, 100, 140, and 200 krad [6, 9].

RESULTS AND ITS DISCUSSION

IR reflection spectra in the region of lattice
oscillations of the initial (1) and irradiated doses of
@, =140 (2) and 200 krad (3) of GaS and GaS:Yb
single crystals are shown in Fig. 1. As seen from
Fig. 1,a (curve 1), in the reflection spectra transverse
vio=315.3cm? and longitudinal v, o= 365.6 cm™*
oscillations, which converge to classical dispersive
analysis, are observed in the original GaS. Gamma-
irradiation of GaS samples with doses of 140 and
200 krad slightly changes (distorts) the lattice reflection
spectra (curves 2 and 3). With an increase in the
gamma-irradiation dose, the value of the reflection
coefficient decreases, and the region of residual rays
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deepens. The observed feature in the band of residual
GaS rays that appears in the irradiated samples can
presumably be explained by a change in the surface
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state under the action of gamma-radiation and the
formation of quasi-phonons, which lie in the region of
residual rays [10].

4(M) ) 200

v. em- 100

Fig. 1. FTIR spectra of the original, non-irradiated (1), and irradiated with doses of @,= 140 (2)
and 200 krad (3) of GaS (a) and GaS:Yb (b) single crystals
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Fig. 1,b shows the reflection spectra of the initial
(curve 1) and irradiated doses of 140 and 200 krad
(curves 2 and 3) of the GaS:Yb samples. As can be seen
from Fig. 1,b, the doping of gallium sulfide with
ytterbium actually does not affect the values of the
frequencies of longitudinal and transverse oscillations.
However, the surface state improves and is
accompanied by an increase in the reflection coefficient
(albedo) by R ~5...8%. Gamma-irradiation of GaS:Yb
samples with doses of 140 and 200 krad leads to a
deterioration of the surface state, since R values with
increasing absorbed radiation dose are decreasing.
Fig. 2 presents the changes in the values of the
difference of the reflection coefficient AR =Ry—R
(where Ry and R are the reflection coefficients of the
original and gamma-irradiated samples, respectively)
depending on the absorbed gamma-irradiation dose for
the GaS (curve 1) and GaS:Yb samples (curve 2). A
comparative analysis of these dependencies reveals the
following:

1. Both dependencies are close to a parabolic law.

2. The growth rate of the difference AR determined
in the linear regions of dependences in the case of
gamma-irradiated GaS samples is ~ 1.5 times higher
than the growth rate of the AR value in the case of
gamma -irradiated GaS:Yb samples.

3. The sharp increse in the difference AR occur for
GasS samples with an absorbed dose of @, > 50 krad, and
for GaS:Yb samples at @, > 140 krad.

The observed features of the curves of AR versus @,
for GaS and GaS:Yb samples show that the gallium
sulfide surface is more sensitive to gamma-ray effects
than gallium sulfide surface doped with ytterbium. In
this case, the effect of gamma-quanta causes the
heterogeneity and roughness of the surface and,

Fig. 2. Changes of the values of the difference of the
reflection coefficient (4R) depending on the absorbed
dose of gamma-irradiation for GaS (1) and GaS:Yb
(2) single crystals

consequently, leads to its deterioration in these layered
single crystals.

The obtained results are in good agreement with the
results of [5], according to which, GaS and GaS:Yb
single crystals with values of @,<140krad are
radiation-resistant, and above these values of absorbed
doses, respectively, are not radiation-resistant.

Changes in the surface relief of layered GaS and
GaS:Yb single crystals caused by gamma-quanta were
also traced by the microscopic (AFM) method. As an
example, Fig. 3 shows three-dimensional (3d) images of
the surface of the original (see Fig. 3,a,b) and gamma-
irradiated with 140 krad (see Fig. 3,c,d) samples of GaS
and GaS:Yb, respectively. Comparison of the surfaces
of the initial single crystals shows that if the surface of
gallium sulfide is characterized by the presence of sub-
roughness and heterogeneity, the introduction of
ytterbium impurity into the GaS structure leads to a
smoothing and uniformity of its surface. In this case, the
depth of irregularities in the case of GaS:Yb decreases
by a factor of ~ 5 (from 8 to 40 nm) compared to GasS.

Irradiation of GaS and GaS:Yb single crystals with a
dose of 140 krad is accompanied by a change in the
surface state of these samples. After irradiation with
gamma-rays with a dose of 140 krad, the surface state of
GaS deteriorates significantly, while minor changes occur
on the GaS:Yb surface. Annealing the samples at a
temperature of t =100 °C for 1 hour partially restores the
surface of the irradiated samples. It should be noted that the
analysis of 3D images of surfaces of y-irradiated GaS and
GaS:Yb samples with doses of 30,50, 100, 140, and
200 krad allows us to conclude that the boundary values of
the dose of surface changes are 50 and 140 krad,
respectively.
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Fig. 3. Three-dimensional images of the surface of the original (a, b) and y-irradiated dose with of 140 krad (c, d)
of GaS (a, ¢) and GaS:Yb(b, d) single crystals
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Fig. 4. Histograms of 2d images of the initial (a, b)

and j-irradiated doses of 140 krad (c, d) of GasS single
crystals in horizontal (a, ¢) and vertical (b, d) directions
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Figs. 4 and 5 show the histograms of 2D images
(curves of the distribution of surface images by the size
of irregularities) in the horizontal and vertical directions
of the selected section (100x100 nm). As can be seen
from the histograms, the GaS single crystal is
characterized by an uneven distribution of irregularities,
both in the horizontal and in the vertical directions with
different heights of ~30...40 nm and a frequency of
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Fig. 5. Histograms of 2d images of the initial (a, b)
and j-irradiated dose of 140 krad (c, d) GaS:Yb single
crystals in the horizontal (a, c) and vertical (b, d)
directions

Fig. 6. Dose dependences of the free volume of irregularities

in GasS (1) and GaS:Yb (2) single crystals.
(Dashed lines show exponential
approximating (regression) dependences)

~16 nm (see Fig. 4,ab). GaS:Yb single crystal
histograms show a uniform distribution of irregularities
in both horizontal and vertical directions with the same
height of ~25 nm and a frequency of ~13 nm (see
Fig. 5,a and b). Irradiation with a dose of 140 krad of
these samples leads to a strong (see Fig. 4,c,d) and
minor (see Fig. 5,c,d) changes in histograms for GaS
and GaS:Yb, respectively.



Considering the sub-roughness profile in the
framework of multifractal analysis, we can assume that
it has the invariance property when the same unit free
volume (straight cone of height h and diameter d) is
continuously repeated over the entire area [8, 9].

The dose dependence of a single free volume of
irregularities (a single average volume of a relief-
forming cone), which is shown in Fig. 6, was studied.
The dependence is exponential: =4-¢™ (V is a single
average volume of a relief-forming cone, A is a single
crystal constant, k is an absorption coefficient, x is the
irradiation dose). As can be seen from Fig. 6, with an
increase in the gamma-irradiation dose to 140 krad, the
value of a single average volume of the relief-forming
cone V decreases by ~2.5...5 times (from 6000 and
5500 to 2500 and 1000 nm® for GaS and GaS:Yb,
respectively.

CONCLUSIONS

The surface relief of undoped GaS and doped
GaS:Yb single crystals subjected to gamma-irradiation
was studied by AFM and FTIR. It was found that GaS is
characterized by an uneven distribution of irregularities
with different heights ~ 30...40 nm and a frequency of
~ 16 nm subjected to gamma-irradiation. When doping
crystals with Yb atoms, the distribution of irregularities
becomes more orderly, the height is ~ 25 nm, and the
periodicity of ~13 nm irregularities decrease. In the
FTIR spectra, changes in the reflection coefficients of
the surface of GaS and GaS:Yb single crystals are
observed as a function of the gamma-irradiation dose
(@, = 30...200 krad), and on the basis of these changes,
it was found that doped single crystals are the most
radiation-resistant.

The use of a single average volume of a relief-
forming cone was introduced as a characteristic of the
development of the surface of layered crystals.
Regression dependencies of the effect of the degree of
irradiation on a single average volume of the relief-
forming cone are proposed, expressed in the exponential
form V=A<€“ The dependence was established
between the distribution profile of a single free volume
of irregularities (a single average volume of a relief-
forming cone), obtained by AFM and the radiation
resistance of layered GaS:Yb single crystals.

In order to explain the experimental facts established
by us, we propose the following physical model of the
processes occurring during the accumulation of clusters
of defects consisting of Vg, and Ga; in the form of a
cone in grown crystals. When pure and impurity GaS
single crystals are irradiated with E~1.2 MeV and a
low dose of 30...200 krad, apparently due to radiation-
stimulated annealing of defects, the clusters of defects

decompose, releasing Vg, (of which the cluster of
defects consists) and Ga; which is located on the
periphery of the defect clusters. In this regard, the
volume of the periphery of the relief-forming cone
decreases with increasing radiation dose and, as a result,
the smoothing of defects on the surface of crystals
occurs [11]. Thus, the dose adjustment of defects and
the rate of change of free volume depending on the dose
of radiation determines the radiation resistance of
materials and does depend on the initial state of their
surfaces.
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HUK-CIIEKTPOCKOIIMA 1 ACM-MUKPOCKOIIUS TIOBEPXHOCTHU
T'AMMA-OBJYYEHHBIX CJIOUCTBIX MOHOKPUCTAJIJIOB GaS M GaS:Yb

AM. Ilawaes, b.I'. Tazues, P.C. Maoamos, H.H. I'aoscuesa, A.A. Anues, @.I'. Acaooe

BriepBeie  Meronamu  aromMHO-cuioBoi  Mukpockonmn (ACM) wn  UK-dypbe-ciekrpockonuu —IoirydeHa
uHbOpManusi O pebede MOBEPXHOCTH HENernpoBaHHBIX GaS ¥ JierHpoBaHHBIX MOHOKpHcTaioB GaS:Ybh,



HOABEPTHYTHIX I'aMMa-o0IydeHHIO. YCTaHOBJICHO, YTO I MOHOKpHCTaIOB GaS XapakTepHO HEepaBHOMEPHOE
pacrnpeneneHre HEPOBHOCTEH ¢ pa3IMYHON BBICOTOH M IEPHOANYHOCTBIO, @ IIPU JIETHPOBAHUN KPUCTAIIIOB aTOMaMH
Yb pacnpeznencHue HepOBHOCTEH YIOPAMTOYMTCS, WX BBICOTA W HEPHOAWYHOCTH ymeHbmarcs. B UK-thypbe-
CIIEKTpax HAOIIOMAIOTCS M3MEHEHUS KO3()(HUIIMEHTOB OTpaKEeHUS TIOBEPXHOCTH MOHOKpucTamioB GasS u GaS:Yb B
3aBHCHMOCTH OT J103bl ramMmma-obnyuenus (@, = 30...200 xpaji), 1 Ha OCHOBE 3TUX W3MEHEHHUH YCTAHOBIIEHO, YTO
JIETHPOBAaHHBIE MOHOKPUCTAJIIBI SIBISIFOTCS 00JIee pafialiliOHHO CTOWKHUMH.

IK-CHHEKTPOCKOIIIA I ACM-MIKPOCKOIIIA ITOBEPXHI
T'AMMA-OITPOMIHEHUX IHAPYBATUX MOHOKPUCTAJIIB GaS I GaS:Yb

A.M. Ilawaes, b.I. Tazies, P.C. Maoamoe, M.M. I'adxncucea, A.A. Anics, @.I. Acados

Brepiie metogamu aromHo-cuiioBoi Mikpockormii (ACM) i IK-dyp'e-ciektpockomnii oTprMaHo iHpopMarito mpo
penbed moBepxHi HenmeroBaHux GaS 1 JyieroBaHux MoHokpuctaniB GaS:Yb, migmaHuX ramMMa-onpoMiHEHHIO.
BcranosneHo, 1o st MoHOKpuctaniB GaS xapakTepHui HEPIBHOMIPHHUIT PO3IOJILT HEPIBHOCTEH 3 PI3HOIO BUCOTOIO
1 TepioANYHICTIO, a TPH JIETYBaHHI KPHUCTAJIB aToMaMd Yb PO3MOJII HEpIBHOCTEH YHOPAIKYETHCS, iX BHUCOTA i
nepioguyHicTh 3MeHmarbes. B IK-dyp’e-ciekTpax crocrepirarorbesi 3MiHM Koe(illieHTIB BiIOUTTS MOBEpXHi
MorokpuctaniB GaS i GaS:Yb B 3amexHocTi Big g03u ramma-onpoMineHHs (@y = 30...200 kpan), i Ha OCHOBI IUX
3MiH BCTaHOBIICHO, III0 JIETOBaHI MOHOKPHUCTAJH € OLTBII padialiifHo CTIHKAMHU.



