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The process of diffusion of labeled copper 1Cu atoms in p-CdTe<Pb> coarse-block films with a columnar grain structure has been
studied. The CdTe<Pb> film is a p-type semiconductor, where an increase in the Pb concentration in the composition of the CdTe films
increases the resistivity p of the structure. When the Pb concentration in CdTe changes from 10'® to 5-:10'? cm™, the hole concentration
decreases by more than 3 orders of magnitude at a constant operating level depth of Ev + (0.4 + 0.02) eV. This may indicate that the
concentration of acceptor defects, which are formed in the films due to self-compensation upon doping with a Pbca donor, exceeds the
number of the latter. Electrical measurements by the Hall method were carried out at a direct current and a temperature of 300 K.
As aresult, an increase in the temperature of films on a Mo-p-CdTe<Pb> substrate during annealing affects the electrical parameter
of charge carrier mobility p, it decreases significantly. X-ray diffraction analysis showed that on the diffraction patterns of samples
of p-CdTe<Pb> films, all available reflections correspond to the CdTe phase and up to x = 0.08 do not contain reflections of
impurity phases and have a cubic modification. Based on the results of the calculation, it was established that the low values of the
diffusion coefficient of Cu atoms are due to the formation of associates of the A type Cu; Pbgy, which are directly dependent on
the concentration of Pbcq atoms. Diffusion length Ly and lifetime ta of minority current carriers in large-block p-type cadmium
telluride films, which can also be controlled by introducing lead atoms into cadmium telluride.

Keywords: Diffusion; Associate; Lifetime; Film; Acceptor center; Radioactive isotope; Distribution; Mobility, Resistivity, Diffusion
coefficient; Enthalpy
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INTRODUCTION

In recent years, significant progress has been made in the technology of manufacturing thin-film solar cells based
on A?B? semiconductor compounds [1-4]. Unfortunately, Cu,S — CdS(ZnCdS) and Cu,S — CdTe thin-film solar cells
tend to change their parameters during operation. The degradation of such solar cells is mainly associated with a change
in the heterojunction interface and shunting of the base thin CdS(ZnCdS) and CdTe layers due to the high diffusion rate
of copper atoms.

In [5], a hypothetical model was proposed - associations of doped Cu atoms with ionized acceptors of non-vacancy
origin, leading to a sharp decrease in the diffusion rate in cadmium telluride films.

However, the microparameters of these local acceptor centers are not specified, their nature is not disclosed, it is
only indicated that at the annealing temperature the Fermi level should be above the level of acceptor centers A’ of non-
vacancy origin. This condition allows acceptor centers A to be in a charged state and form an associate (complex) with
interstitial ions of copper atoms of the Cuj” A’ type.

The development of a controlled reproducible technology for producing thin-film solar cells and their modules using
layers of honey sulfide and telluride is mainly associated with the search for and determination of impurities that could
localize copper atoms in the space of crystal lattices of cadmium sulfide and telluride by forming stable complexes.

It was shown in work [6] that impurities of Sn, Ge and Pb atoms in cadmium telluride dissolve in high concentration
(up to 10"+10% cm™) and form levels, respectively, Ec — (0,6+0,9) €V; Eyv + 0,6 eV; Ey + 0,4 V.

Since Ge, Sn, and Pb impurities are located at the sites of the cadmium sublattice in cadmium telluride crystals, they
can, in principle, play the role of ionized acceptor centers leading to the formation of associates with doped copper atoms.
Among these impurities, Pb atoms have a certain advantage. Pb is highly soluble in CdTe, secondly, Pb can be doped at
relatively low temperatures (773+973 K), thirdly, Pb in CdTe gives a “shallower” level than impurities of Sn and
Ge atoms.

The aim of the authors is to study the diffusion of labeled copper atoms in p-CdTe large-block films with different
contents of Pb atoms in the temperature range 573+723K.

MATERIALS AND METHODS
The distribution profiles of the concentration of labeled **Cu atoms in polycrystalline p-CdTe films in the
temperature range 573+723 K are shown in Fig. 1.
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Figure 1. X-ray diffraction pattern of p-CdTe<Pb> films

The study showed that the concentration distributions of copper atoms over the thickness of the p-CdTe film in this
temperature range are described by the function erfc (Fig. 2).

The initial p-CdTe films were synthesized by the gas transport method in a quasi-closed volume in a flow of purified
hydrogen [7]. Pb atoms were introduced into a growing p-CdTe film during synthesis from a molybdenum substrate,
which had a lead layer with a thickness of d = 2 mm deposited by magnetron ion sputtering on the surface of
molybdenum [8]. Pb atoms were introduced into the growing p-CdTe film in the course of synthesis from a molybdenum
substrate. The content of Pb impurities was controlled by the neutron activation method [9]. The thickness of the grown
p-CdTe<Pb> films is 100+120 um, the working area S > 1 ¢m?. In such films, grains (crystallites) are oriented in the
direction of growth, and their dimensions are not less than the film thickness. The diffusion volume was =9 cm?. The
radioactive isotope **Cu was used as a diffusant. The sample weight in the ampoule was 2 mg, which corresponded to a
diffusant vapor pressure of 0,15+0,2 atm. Diffusion annealing was carried out in electric furnaces for 4 h, the temperature
was maintained with an accuracy of £3 K.

The composition of the p-CdTe<Pb> film samples obtained was monitored using a Jeol JSM-6380LV scanning
electron microscope equipped with an IN-CAx-sight X-ray spectral microanalysis of the elemental composition. X-ray
analysis of p-CdTe<Pb> films was carried out on a DRON-4-07 diffractometer with a step of 0.01° and exposure at a
point of 15 s (Fig. 1). The results of the indexing of the fingerprint comparison of the obtained results with a set of
reference X-ray patterns (ASTM) made it possible to determine the composition of the p-CdTe<Pb> films. film
composition, as predominantly homogeneous, cubic modification.

In samples, as a result of lead doping in all types of samples, the mobility pu decreases deeper into the thickness and
the value of resistivity p increases. Table 1 shows the parameters of mobility p and resistivity p of doped CdTe layers
during layer-by-layer removal of film thickness d at room temperature.

Table 1. Electrophysical parameters of p-CdTe<Pb> films at a temperature of 300K

No Film thifrlflness, d, Conductivity type Hali nnllzc;?\l/h?)], u, Regzggz; P,
1. 20 P 78 2.88-10*
2. 30 P 72 1.64- 10*
3. 40 P 66 7.76- 10*
5. 50 P 62 3.13+10°
6. 60 P 56 3.66 + 10°
7. 70 P 47 6.38- 10°
8. 80 P 41 1.86- 10°

The distribution profile of the concentration of labeled **Cu atoms in polycrystalline p-CdTe films with a columnar
grain structure was recorded using the activation analysis method [9], the CdTe layers doped with ®*Cu isotopes were
removed by chemical etching with Br:C,H>OH (1:5) bromomethyl. The activity of the removed layers was measured on
a gamma spectrometer for 1 h.

RESULTS AND DISCUSSION
The distribution profiles of the concentration of labeled ®*Cu atoms in p-CdTe polycrystalline films in the
temperature range 573+723 K are shown in Fig. 2.
The study showed that the concentration distributions of copper atoms over the depth of the p-CdTe film in this
temperature range are described by the erfc function (Fig. 3).
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Figure 2. The distribution profiles of the concentration ~ Figure 3. Calculated curves of the concentration distribution of impurity
of labeled *Cu atoms in p-CdTe polycrystalline films atoms over the thickness of the films at the constructed time t=4 h
depending on the diffusion coefficient

In this case, the concentration and diffusion coefficient of copper atoms on temperature are described by an
exponential dependence (Fig. 4) and the following analytical expressions

Neo(T) = 7,2 - 102 exp (— %) cm~3, (1)
Dey(T) = 6,7 107 exp (— %) cm? - cm™1, Q)

An analysis of the obtained results shows that the pre-exponential tallow factor Dy and the diffusion activation
energy Q correspond to the formula obtained in [10]:

Qo = Aexp (- ), 3)

KTmelt.

where T, 1s the melting point of the material;
) __AG
A = Pa?v exp( kT), 4)
P - dimensionless coefficient depending on the geometry of the unit cell of the crystal and the diffusion mechanism;

a is the period of the crystal lattice; v - Debye frequency; AG - Gibbs free energy of activation at a temperature equal to
Tmelt-
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Figure 4. Temperature dependences of the concentration of doped impurity atoms (a), and the diffusion coefficient (b)

The numerical value of the coefficient A is determined by the impurity diffusion mechanism, A = 9.6-10"!" cm?-s™!
during the diffusion of copper atoms in large-block p-CdTe films. Approximately for semiconductor materials, according
to [11],
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Q=2.1-107*[10 4 1g (Dy, cm?/)] * Tyelt. ®

Substituting the experimental value of the pre-exponential factor Do = 6.7-10° cm?'s™! and Tmen(CdTe) = 1315 K
into (5), we find Q = 0.5 eV. The value of Q calculated in this way satisfactorily agrees with the value determined directly
from the experiment, which confirms the correctness of expression (3) in the calculation of the diffusion parameters of
labeled copper atoms in large-block p-CdTe<Pb> films.

The low values of the effective diffusion coefficient of copper atoms D(T) =2,7-1013+1.8:10"2cm?s! in the
temperature range 573+723 K show that Cu diffuses in p-CdTe polycrystalline films by a complex mechanism. The most
probable is diffusion with association [12]. This is also supported by the small value of A =9.6-10"cm? s in
expression (3). It shows that the associate between the ions of Cu and Pb atoms is stable even at the melting temperature
of cadmium telluride.

Assuming that the Pb acceptors are located in the cation sublattice, and the interstitial Cu atoms occupy tetrahedral
interstices in equilibrium, we obtain the shortest distance between ions r = 2,8 A. Assuming that only the Coulomb
interaction contributes to the enthalpy of the associate, we estimate AH by the formula [13]: AH = e¥/4n££0 = 0.50 eV,
where £ = 10.3 is the low-frequency (static) permittivity of cadmium telluride.

The associate enthalpy value Cu;Pbgy AH = 0.50 eV coincides with the diffusion activation energy Q = 0.49 eV of
Cu atoms in p-CdTe<Pb> coarse films. This result shows that all diffusing Cu atoms are completely bound in complexes
with ionized Pb¢y acceptor centers since N(Pbgq)>Cu; . Therefore, the activation energy Q of diffusion of copper atoms
is almost entirely determined by the binding energy of the Cuj Pbgy. associate. In this case, the rate of diffusion of
interstitial copper ions depends on the probability of decay of the associate, and the diffusion process itself consists of the
stages of decay and formation of Cu; Pbgy. The electronic structure of the ionized Pbgg. acceptor center probably plays
an important role in the formation of such an associate. This, probably, explains the sharp difference between the diffusion
coefficient of copper atoms D(T=160°C)=10® cm?'s' and the value of the pre-exponential factor Do = 1.4 cm?s!
obtained in [14,15], from our data.

The difference in the values of D(T) and Dy is most likely due to the thermodynamic state of the system, the associate.
Probably, in [16] an associate Cu; A, is formed, in which the atomic energy of atoms is high, therefore, in the process of
diffusion, when atoms pass into activated states, the change in entropy is large. Since Dy is related to the entropy AS by
the following relationship [17].

D, = avd? exp (Af:), (6)

then a noticeable change in AS leads to large values of Dy.

In the case of the formation of the Cu;Pbgy associate, the system is apparently in a more stable position, closer to
the equilibrium state. In such a material, diffusible Cu atoms rapidly dissolve; are mixed, and without much effort form
associates of the Cuj Pbgy type, which is facilitated by the Coulomb interaction between the Cu;” and Pbgy ions. In this
process, the change in the vibrational entropy can be neglected; therefore, the value of Dy is small, which is observed in
the experiment (see (6)).

Let us now consider the influence of the Pb content in p-CdTe on the diffusion parameters of Cu atoms. Pb
concentration in films is within N5, = 10'® + 10?cm™. Studies have established the dependence of the diffusion coefficient
of Cu atoms in p-CdTe on the concentration N24, which is clearly manifested at N3, <10' cm?. For example, when the
Pb concentration changes by two orders of magnitude, i.e., from 10?° to 10'® cm™, the diffusion coefficient increases from
2-103to 1,8-10 cm?'s”!, almost by four orders of magnitude, at 573 K. Moreover, the increase in DT is mainly provided
by increasing Dy, since the activation energy of diffusion of copper atoms in this case changes insignificantly, only by
0,07+0,08 eV, and becomes Q = 0,55+0,56 eV.

The presented experimental results confirm the correctness of the proposed model of diffusion of Cu atoms, i.e.,
diffusion mechanism with the association Cuj Pbg,. Indeed, at concentrations N3, <5-10'8 cm™ in p-CdTe films, extra
Cu atoms appear that are not bound in complexes, which begin to diffuse through other channels, among which
dissociative diffusion is most likely, since free vacancies of cadmium atoms V¢4 are formed.

Recombination parameters were determined on p-CdTe<Pb> samples with different Pb content: diffusion length L,
minority carrier lifetime t,, and surface recombination rate S.

To measure Lp in CdTe, a heterostructure with an upper optical window from a wide-gap semiconductor CdS was
formed by vacuum deposition in a quasi-closed volume with an area of 1 cm? according to the technology described
in [18]. The front contact, from the side of which illumination is provided, is made of indium deposited in a vacuum
of ~107 Torr in the form of a comb. In this case, the width of the contact strip was 0.8 mm, and the distance between the
strips was ~2 mm. The back contact was a molybdenum substrate. The deposited indium contact on CdS was connected
to the heterojunction in the blocking direction.

L, was measured by the diffusion method described in [19], as well as by the method [20], including the
measurement of the photocurrent depending on the absorption depth o at a constant intensity F in the region of the
intrinsic absorption spectrum. Both methods give almost identical results.
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At high concentrations of Pb (N = 5:10'°+10?° cm?) in p-CdTe<Pb>, the electron diffusion length reaches its
maximum value, =60 um. With a decrease in Npy, the value of L, also decreases at Np, = 10! cm, L, =14 um.

From the short-wavelength region of the photocurrent spectrum I;n(hv) (hv>2 eV), the surface recombination rate S
was determined for holes at the p-n junction boundary adjacent to the CdS wide-gap filter. The results show that S depends
on the Pb content in CdTe, and it increases with an increase in the Pb content, and S=10° cm's! is maximum at
Npp=5-10' cm?3. Further, as Npy, increases to 10%° cm 3, the surface recombination rate remains constant. Note that S for
holes has the lowest value of = 7-10° cm's’! in the absence of impurities of Pb atoms in the samples under study.

The lifetime 1, of minority current carriers was also determined on p-CdTe<Pb> samples by the phase difference
method. At the same time, a certain correlation between 1, and Np, was revealed. It has been established that tn reaches
its maximum value = 210 s at Np,==10?° cm, and at Npp=210'8 cm™ 7,=107s.

The mobility of minority carriers p, was calculated using the experimental values of L, and 7, using the known
formula L, = (kT/quata)". Found p, = 690 cm?/V:s at L, = 60 pm, 1, = 2:10° s and Np, = 5:10"°+10?° cm™. p, remains
practically constant in p-CdTe<Pb> samples with different contents of Pb impurities, so p, = 680 cm?/V s at L, =14 pm,
1, =107 s and Np,=5-10"8 cm.

Thus, the presence of Pb atoms in large-block p-CdTe films leads to the formation of recombination centers with
sharply different electron and hole capture cross sections, the ratio of which is directly dependent on the Np, concentration.
These results do not contradict the data obtained in [21].

The diffusion and recombination parameters of control samples of large-block p-CdTe films with p = 103-10* Q-cm,
in which there are no Pb atoms, have also been studied. The control p-CdTe films and the p-CdTe<Pb> films were
synthesized in identical technological modes, the only difference being that the control p-CdTe films were grown on mica
substrates, while the p-CdTe<Pb> films were grown on substrates with an impurity of Pb atoms, of which, during the
synthesis, Pb atoms were doped into growing films.

As for the recombination parameters, they are low in p-CdTe control samples and correspond to the literature data,
for example, L, = 0,5+0,6 mkm and 1, = 10® + 5-10” s coincides with the results [20].

CONCLUSIONS
Thus, by introducing impurities of Pb atoms, it is possible, firstly, to control the diffusion rate of copper Cu atoms
in p-CdTe films, this opens up wide opportunities for using thin-film solar cells with Cu,Te-CdTe and Cu,S-CdS (ZnCdS)
structures in terrestrial conditions. Secondly, the possibility of controlling the charge states of recombination centers in
large-block p-CdTe films by introducing atomic impurities. Pb makes it possible to obtain semiconductor base materials
with desired properties, i.c., given values of the microparameters Ln and tn, which is extremely important in materials
science, for the microelectronic and semiconductor industries, especially for the creation of thin-film solar cells.
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BILIUB JU®Y3Ii ATOMIB MIJI B ITOJIKPUCTAJITYHUX IIJIIBKAX CdTe, JETOBAHUX ATOMAMH Pb
lapiga b. Yramypanosa, llaxpyx X. daaie, Cyarannama A. My3apaposa, Kaxpamon M. ®aiizy/iiaeB
Incmumym ¢hizuxu nanienpogionuxie ma mixpoenexmpouixu npu Hayionanenomy ynisepcumemi Y36exucmany,

Tawkenm, Yzbexucman

Jocnimkeno npotec audysii Mivenux atomi Migi ®1Cu B kpynHoGnokoBux miiBkax p-CdTe<Pb> 3i cTOBMYACTOIO 3€PHUCTOIO
crpykrypoto. IlniBka CdTe<Pb> € HamiBIIPOBIIHUKOM p-THITy, e 30inblieHHs KoHueHTpawii Pb y ckiani mniBok CdTe 36unbiye
NUTOMHUIA omip p cTpykTypu. Ilpu 3mini konuentpauii Pb B CdTe Bix 10'® 1o 5-10'? cm™ koHUEHTpaLis AipOK 3MEHIIYETCS GLIbLI Hix
Ha 3 OPA/KY IIPH MOCTiHHIN rmbuHi pododoro piBai Ev + (0,4 + 0,02) eB. Lle Moske CBiquUTH PO Te, 110 KOHIEHTPALlis aKLIENTOPHUX
IedeKTiB, SIKi yTBOPIOIOTHCS B IUTIBKaX BHACIIIOK CAMOKOMIICHCAIIIT IPH JIETyBaHH1 JOHOPOM Pbcd, mepeBHUIy€e KiTbKiCTh OCTaHHBOTO.
EnextpuuHi BUMiprOBaHHS METOIOM XO0JUla MPOBOAWIN MPH MOCTiHHOMY cTpyMi Ta TemmepaTtypi 300 K. ¥V pesynprari migBumieHHS
TeMIepaTypH ITiBok Ha migxaanui Mo-p-CdTe<Pb> mix yac Bijgnany BIUIMBAE Ha €IEKTPHYHMIT HapaMeTp 3apsiLy. MOOUIBHICTE HOCIS
[, BOHA 3HAUYHO 3MEHINYETHCS. PeHTreHOCTpyKTypHHUII aHali3 mokas3aB, Mo Ha audpakTorpamax 3paskiB mriBok p-CdTe<Pb> yci
HasiBHI pediekcu BiamoinaoTk ¢paszi CdTe i mo x = 0,08 He MicTiTh pediekciB qominkoBux $a3 i MaroTe KyOiuHy Moaudikariro. 3a
pe3ysibTaTaMy po3paxyHKy BCTAHOBJICHO, IO HU3bKi 3Ha4YeHHs KoedimieHta nudysii atomiB Cu 3yMOBJIEHI YTBOPEHHSIM acoLiaTiB
tuny A Cuj Pbgy, sIKi 3HAXOATHCA B MPsAMiH 3a1eKHOCTI Bl KoHuenTpanii Pbeg. Judysiiina nosxuna Ln i yac 5KUTTS Tn HEOCHOBHUX
HOCIiB CTPyMy y BEIMKOOJIOYHHX IUIIBKax TEJIYPUIY KaJMil0 P-THUIy, SKUMH TaKOXX MOXKHA KEpyBaTH IUIAXOM BBEACHHS aTOMiB
CBHHLIO B TEIIYPH[] KaIMil0.

KuwouoBi cnoBa: ougysia; acoyitioganuil;, uac ocumms, nIi6Ka; aKYenmopHuti yeump, paodioakmueHuil i30mon, po3nooii;
pyxaugicms, numomuii onip, Koegiyienm oughysii; enmanvnis





