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Annomayus. VicciienoBaHbl sSNUTakCcHaIbHbIE CIIOU (ochuia rajivs, BeipallleHHbIe Ha ojyiokkax GaP u neruposan-
HBIE peziko3eMenbHbIMH dneMeHTamu (P39) Gd n Dy B mponecce KpucTaaIi3aiuy U3 paciiaBOB-pacTBOPOB HA OCHOBE In
B uHTepBaje TeMiepatyp 975—670 °C. Konnentpanus P33 B anuTakcHaabHBIX CI0SX ObLIa HIKE Mpezesia 00HApYKESHUS
perTrenocnekrpanbHeiM aHamu3oM (0,01 at. %). Vizmepenne criekTpoB (pOTOTFOMUHECIIEHIINH IIPOBOAMIOCH B ANATIA30HE
temreparyp 4,2-300,0 K. B cnexrpax nccneqoBaHHbIX 00pa3ioB HaOMIOJANCh THITHYHBIE U1 MOHOKPUCTAJUTHYECKOTO
GaP nuHuK: TMHUA KCUTOHA, CBSA3aHHOIO Ha cepe u Gocdope, a Takke cepust y3KHUX JIMHUI Ha ()OHE IIHUPOKOH IOTIOCHI,
00yCIIOBIIEHHOH JIOHOPHO-AKIETITOPHON Mapoi C y4acTHEM IPUMEceH yriiepoaa u cepsl. B 6irkHeM HH(ppakpacHOM ra-
na3one (1,4—1,8 3B) npucyTcTBOBaIa MIXPOKas 0I0Ca, 00YCIOBICHHAS CYIICPIIO3UIIUCH YSTHIPEX MOJI0C ¢ MAKCUMYMaMHU
BOmm3m 1,53; 1,69; 1,85 u 1,35-1,40 »sB. CnexrpanbHas ¢popMa 1 HHTEHCHBHOCTH ATOH MOJOCHI 3aBUCENN OT yCIOBHI
pocra u aerupoBanusi. Beenenne Gd u Dy B pacmuiaB-pacTBOp IPpHUBOAMIO K HOSBICHUIO Y3KoW X-muHuM (A = 541 HM).
Ee MHTEHCHBHOCTB BO3pacTaja ¢ yBeaMueHHEeM KoHueHTpauun P33 B pacrnase. MHTEerpanbHast HHTEHCUBHOCTD (hOTO-
JIIOMUHECLICHIINH BO BCEH MCcieayeMoii 00JIacTH JUTHH BOJIH TaKKe BO3pacTaia npu qooasineHnn P33 B pacraB-pacTBop.
Cxopee BCEero, 3TO CBA3aHO C YBEINYCHUEM BPEMEHH KU3HU HEPABHOBECHBIX HocuTenei 3apsaaa B GaP : P33. Ynomsanyras
X-nuHns HAOIIOAAIack U B 0000 9nucThIX ciosix GaP. OqHako ee MHTEHCHBHOCTH ObLTA 3HAYUTEIILHO HIKE, YEM B JITH-
TakcHalbHBIX ciosix GaP : P3D. DkcriepuMeHTallbHbIe TaHHBIE O0BSCHSIOTCS TeTTEPUPOBAHIEM B pacIulaBe JTOHOPHBIX
npumeceii (S, Se, Te) u oOpasoBanreM 1eEKTOB aKLIENTOPHOTO THITA (PEATIONOKHUTETBHO, Vp Wil Gap) B SNUTaKCHATBHBIX
cnosx ¢ocduaa rauaus Ipy BBeIeHUH B pactuias P30.
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Abstract. In the present work, we investigate epitaxial layers of gallium phosphide grown on GaP substrates and doped
by rare-earth elements (REE) Gd and Dy in the process of crystallisation from the melt-solutions on the base of In in the
temperature interval of 975—-670 °C. REE concentration in the epitaxial layers was below the detection limit by X-ray
spectral analysis (0.01 at. %). Photoluminescence spectra were measured in the temperature range of 4.2-300.0 K. In the
spectra of the studied samples, typical for single-crystal GaP lines were observed: line of exciton bound on sulphur and
phosphorus, as well as a series of narrow lines on the background of a broad band due to the donor — acceptor pair invol-
ving carbon and sulphur impurities. In the near-infrared range (1.4—1.8 V), a broad band due to the superposition of four
bands with maxima near 1.53; 1.69; 1.85 and 1.35-1.40 eV was observed. The spectral shape and intensity of this band de-
pended on the growth and doping conditions. The introduction Gd and Dy in melt resulted in occurrence of narrow X line
(A =541 nm). Its intensity increased with the concentration increase of the REE in the melt. The photoluminescence
intensity in all investigated region of waves lengths increased also with the addition of the REE in the melt-solution. This
is most likely due to the increase in the lifetime of non-equilibrium charge carriers in GaP : REE. The mentioned X line
was also observed in especially pure GaP layers. Then its intensity was considerably lower than in GaP : REE. The expe-
rimental data are explained by gettering in the melt of donor impurities (S, Se, Te) and formation of acceptor-type defects
(presumably V; or Ga,) in epitaxial layers of gallium phosphide when REE are introduced into the melt.

Keywords: gallium phosphide; epitaxial layers; rare-earth elements; photoluminescence; crystallisation from the
melt-solutions.
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Introduction

The interest to the GaP is caused by wide application of this semiconductor in the production of diodes for
the visible region and multi-junction solar cells [1-5]. Rare-earth doped semiconductors exhibit sharp intra-f
optical transitions and it has become apparent that in wide-band materials such as GaN and SiC, or in Si nano-
crystals, the luminescence persists to room temperature. This has naturally led to an increased interest in the
dopants in these materials [5; 6]. III-V semiconductors doping by rare-earth element (REE) Er have sharp
and temperature-independent 4 f-intrashell emission near 1.55 pm. It determines the prospects for their use in
silica-based optical fibres with the lowest attenuation wavelength [2; 4].

The mechanism of the processes which occur when I1I-V monocrystal doped with the REE impurities is
still open. For example, the authors of works [6; 7] assert, that in monocrystal GaP : REE the introduction of
additional acceptor defects takes place. Another viewpoint is that the gettering of donor impurities by REE
have been discussed [8; 9]. It should be noted that properties of GaP epitaxial layers grown from the melt with the
doping of REE have not been investigated. Keeping this in mind, it is of great interest to study the electrical and
recombination activity of the REE in GaP epitaxial layers.
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Experimental part

The experiments were carried out on epitaxial layers of gallium phosphide (up to 15 um thick) grown on
GaP substrates. The epitaxial layers have been doped by REE Gd and Dy (GaP : REE) in the process of crys-
tallisation from the melt-solutions on the base of In in the temperature interval of 975-670 °C. The cooling
rate of the solution was varied in the range of 0.5-4.0 °C/min. The concentration of the REE in the melt did
not exceed 0.2 wt. %. A part of samples has been grown from the melt treated by a high temperature (900 °C,
33 h) vacuum treatment. The photoluminescence (PL) measurements were carried out at 4.2—300.0 K. Optical
excitation was carried out by a DKsEI-1000 xenon arc lamp. InGaAs PIN photodetectors were used as a re-
ceiver of recombination radiation. Then the lock-in nanovoltmeter type 232B (Unipan, Poland) was used for
impedance matching of the latter signal and narrowband low-frequency signal from amplifier. Amplification
was performed to the signal modulation frequency (~16 Hz) of light beam that was determined by the rota-
tional speed of the mechanical chopper. The PL spectra were detected from the illuminated side of samples.

Results and discussion

The concentration of the REE in the epitaxial layers was lower than the limit of detection by X-ray spectral
analysis. Analysis of the capacitance — voltage measurements shows [10] that the doping of the epitaxial layers
with shallow impurities is non-uniform over the depth. No electrically active defects with deep levels were
discovered in the epitaxial layers (in concentrations >10'" cm®) by capacitance spectroscopy. Doping with
REE resulted in a sharp decrease of the concentration of free charge carriers, up to the point of inversion of the
conductivity to the hole-type conductivity. It intensified the non-uniformity of the charge-carrier distribution
in the epitaxial layer.

The typical GaP lines were observed in the PL spectra of all investigated samples (fig. 1): bound exciton re-
combination of sulphur (NPg) and phosphorus (NP;), as well as a series of narrow lines in the spectral region of
535-565 nm on the background of the broad band caused by the donor — acceptor pair (DAP) (fig. 2) involving
the carbon and sulphur impurities [11].

In the near-infrared range (1.4—1.8 eV) the typical wide I band was observed in all PL spectra (see fig. 1).
The spectral form and intensity of this band depended on the growth conditions and doping. It is a superposi-
tion of bands with maxima near 1.53 eV (I,), 1.69 eV (I;) and 1.85 eV (I,) and weak band in the energy region
of 1.35-1.40 eV (I,), which were observed in GaP : REE (fig. 3). 1, I;, I, bands were previously observed by
the authors of work [12] in GaP single crystals. However, their nature was not established.

The introduction of Dy and Gd into the melt resulted in increased the intensity of all PL lines and the appea-
rance a narrow X line localised at 541 nm (fig. 4). Its intensity increased with increasing of the REE concentra-
tion in the melt. In addition, a reduction of the ratio of the intensities NP;/ DAP was also observed (by a factor
of ~1.5). On the other hand, a decrease in the intensity of excitation (by a factor of ~4) also resulted in a similar
decrease in the intensity ratio NPg/DAP. Therefore, the introduction of a REE impurity into the melt is identi-
cal to increasing the excitation intensity. The addition of REE into the melt would also increase the PL intensity in
the entire experimental range of wavelengths (table 1). This is most likely due to an increase in the lifetime of the
non-equilibrium charge carriers in GaP : REE (according to our estimates, by almost an order of magnitude).
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Fig. 1. PL spectra of standard Fig. 2. PL spectra of DAPC — S
GaP epitaxial layers at 7=4.2 K in GaP epitaxial layers at 7’=4.2 K
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Fig. 3. Decomposition into I band components Fig. 4. PL spectra at T=4.2 K of GaP : REE epitaxial layers
of GaP : REE epitaxial layers obtained obtained from melt-solutions with REE content of 0.2 wt. %,
from melt-solutions containing REE as well as ultrapure films obtained from the melt subjected
in the amount of 0.1 wt. % to high-temperature heat treatment

Table 1
PL band intensities of GaP : REE epitaxial layers normalised
to the DAP band intensity in control samples
Band intensity, rel. units
REE content, wt. % NP;/DAP
X DAP I
- - 1.00 0.60 0.41
0.05 0.25 1.10 0.68 0.33
0.10 0.30 1.25 0.70 0.29
0.20 0.33 1.30 0.70 0.27

As the excitation intensity decreased, the intensity of the X band decreased synchronously with NPg. Their
intensity dropped sharply as the measurement temperature increased, and at 7> 100 K they were not observed
(table 2). This suggests that the above band is due to an exciton associated with a structural defect. However,
the obtained experimental data do not allow to definitely interpret unambiguously the nature of the above men-
tioned X band. It can only be asserted reliably that it does not involve the REE, since it was also observed in
ultrapure samples prepared from vacuum-annealed melt.

Table 2

Temperature dependences of the normalised intensities
of the NP and X bands in GaP : REE grown from a melt-solution
containing 0.2 wt. % REE

Band intensity, rel. units

Temperature, K NP X
4.2 0.41 0.62
78.0 0.06 0.09
110.0 - —

In analysing the experimental data it is helpful, in our opinion, to take into account the results of investiga-
tions of Si: REE, in which the effect of the lanthanides on the impurity composition of the crystal can be traced
unequivocally. In previous studies [13; 14] we determined that the introduction of a REE in concentrations
of ~0.1 wt. % into the melt results in the removal carbon and other technological impurities (Au, Cu, etc.),
which are effective recombination centres in silicon, from silicon single crystals and epitaxial layers. In addi-
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tion, the REE in a melt effectively interact with carbon, forming compounds of the type REE,C,, which pre-
cipitate in the form of slag. It was also found that the REE interact with phosphorus, which is the main shallow
impurity in silicon; this results in a lower concentration of the majority charge carriers in 7-Si.

It is known [9; 11] that REE actively interact with impurities belonging to the group VI of the periodic
system (specifically, with sulphur) in the melt. The interactions with the elements of groups II and III are less
effective. It leads to decreasing the content of technological impurities in I1I-V compounds. On the other hand,
when the apparatus with the melt is annealed, the volatile impurities evaporate first (in our case sulphur and
phosphorus). To take the above in to consideration, we can resume that the decrease of the relation NPy/DAP
in pure samples and GaP : REE is stimulated by the melt purification from the technological impurity S. The in-
creasing of the PL bands intensity determined by the increasing of the lifetime of the non-equilibrium charge
carriers due to the REE gettering effect in the melt.

The X band is most likely due to a structural defect. The research of the static magnetic susceptibility of
GaP : Dy [15] has shown that microinclusions of Dy interacted with elements of the group V (DyN and DyP).
This fact testifies the ability of REE to shifting the stoichiometric equilibrium of the melt in the direction of Ga.
It is should lead to generate the defect structure in GaP. The analysis of the experimental results does not ex-
clude that the presence of the X line in the PL spectra is due to defects in V, and Ga,.

It is unlikely that the defect responsible for the X line contains carbon, since otherwise the X line in the epita-
xial layers of ultrapure GaP would be more strongly expressed than in GaP : REE, which is not in agreement with
the experimental data. Long-time heating of the melt should result in dissolution of the graphite apparatus, carbon
enrichment of the melt, and an increase in the carbon impurity concentration (DAP band intensity) in the epita-
xial layer. However, introduction of the REE lead to the reduction of carbon concentration in the epitaxial layer
due to the formation of insolubility slags (such as REE,C)) in the melt. We observed a similar effect of carbon
gettering by REE in melt during the growth of single-crystal silicon, as well as in obtaining Si epitaxial layers by
liquid-phase epitaxy method [9; 14]. Therefore, from what we have said above, the assumption that the increase
in the acceptor concentration accompanying doping of III-V compounds with lanthanides is connected with
an increase in the carbon solubility for GaP is, in our opinion, not entirely correct. Thus, the participation of
carbon impurities in the formation the defect responsible for the X line is improbable.

Conclusions

In the spectra of GaP epitaxial layers grown on gallium phosphide substrates during crystallisation from In-
based melt-solutions in the temperature range of 975-670 °C, typical for single-crystal GaP lines were observed:
line of exciton bound on sulphur and phosphorus, as well as a series of narrow lines on the background of a broad
band caused by the DAP involving carbon and sulphur impurities. In the near-infrared range (1.4-1.8 eV),
a broad band due to the superposition of four bands with maxima near 1.53; 1.69; 1.85 and 1.35-1.40 eV.
The spectral shape and intensity of this band depended on the growth and doping conditions. The introduction
of Gd and Dy into the melt-solution resulted in the appearance of a narrow X line (A = 541 nm). Its intensity
increased with increasing concentration of REE in the melt-solution. The integral intensity of PL in the whole
investigated wavelength region also increased with the addition of REE in the melt-solution. The mentioned
X line was also observed in particularly pure GaP layers. However, its intensity was much lower than in
GaP : REE epitaxial layers. Content of REE in the epitaxial layers was below 0.01 at. % (limit of detection by
X-ray spectral analysis). The totality of the experimental data obtained suggests that the X band is most likely
due to an exciton bound on a structural defect (presumably V; or Gap). Based on the experimental results and
analysis of literature data, we can conclude that two mechanisms occur simultaneously when REE is intro-
duced into the melt-solution: technological impurities in the melt are removed from the material and additional
centres unrelated to REE are introduced.
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ABTOpBI:

JImumpuii Heanoeuy bpunkesuy — xanauar Gu3nKo-MaTeMa-
TUYECKHX HAyK; BEAYLIHH HAyYHbIH COTPYIHHK HAY4YHO-HCCIIe-
JIOBATEJIbCKOM JIA00PAaTOPHUY CHIEKTPOCKOIINH MOy IPOBOJAHHKOB
Kadeaps! GU3NKH MOTYTIPOBOJHUKOB I HAHOICKTPOHHUKH (-
3U4eCcKoro (akymbrera.

Bnaoucnae Casenvesuu Ilpoconoguu — xanaunar Gu3nko-ma-
TEMaTHYEeCKHX HayK, JIOIEHT; 3aBeAYIOMNI HAyIHO-HCCIIEN0-
BaTeNIbCKOH TabopaTopuell CHEKTPOCKOIUH MOTYITPOBOIHIKOB
Kadeaps! GU3NKH MOTYIIPOBOJHUKOB M HAHONICKTPOHUKH (H-
3M9ecKoro (akymbrera.

FOpuit Hukonaeguu fnuxoeéckuit — xaumuaar Gpu3nko-mMareMa-
TUYECKUX HayK; BeAyIUI HayYHbI COTPYAHUK Hay4YHO-HUCCIIe-
JIOBATEIBECKON JJA00OPATOPHUH CHEKTPOCKOIINH MOTYTIPOBOAHUKOB
kadenpsl GU3NKN TOTYTIPOBOIHUKOB U HAHOAIEKTPOHUKH (H-
3U4ecKoro Qakymsrera.

3oup Toxup Kensnwcaes — xannunar Gpu3nKo-MaTeMaTHIeCKIX
HayK; JOLUEHT Kadeapbl Lu(pOBOi 3IEKTPOHUKH U MUKPOSJIEK-
TPOHUKH (haKyJIbTEeTa MICKTPOHUKH U aBTOMATHKU.
Baiupamoaii Kanamoaesuyu Hemaiinos — kannunar GU3NKo-ma-
TEeMaTH4eCKUX HayK; TOLEHT Kadenpsl TU(GPOBOI 3IEKTPOHUKH
1 MHKPOJIEKTPOHUKH (paKyJIbTeTa IIEKTPOHUKY 1 aBTOMATHKU.
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