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Quasichemical equations describing the formation of point defects
in Bi-doped films of plumbum selenide, grown at various deposition
temperatures from the vapor phase saturated with selenium,
have been proposed. Experimental results are explained by the
amphoteric properties of the dopant.

1. Plumbum selenide attracts attention owing to its
employment in instrument structures operating in the
infra-red range of optical spectrum [1]. It crystallizes
into a structure of the NaCl type with a bilateral
region of homogeneity. In so doing, a deviation from
the stoichiometric composition towards the prevalence of
lead results in vacancies in the anion sublattice and the
n-type of conductivity, while the prevalence of selenium
induces lead vacancies and the p-type of conductivity [2].

The electric activity of bismuth in plumbum selenide
films depends substantially on technological procedures
of film growing [3-5] and has not been elucidated in
detail. This work aims at studying the role of dominating
point defects in PbSe films induced by bismuth.

2. The PbSe(Se):Bi films were grown in vacuum
from a vapor phase. Two independent evaporators were
in use: with the synthesized PbSe:Bi compound and
with pure selenium [3]. The as-prepared (111) chips of

BaF,-crystals served as substrates; their temperature
was maintained within the interval T;,=500-+650 K. The
partial pressure of selenium vapors Pse, in a deposition
region was monitored by varying the temperature of
an additional source of selenium Ts, =300-+-600 K. The
electrical parameters of the films were measured by the
compensation method in constant electric and magnetic
fields.

The experimental dependences of the current carrier
concentration in PbSe(Se):Bi films on the temperature of
the additional source of selenium Ts, at various substrate
temperatures T are presented in Fig. 1. One can see that
the higher the content of selenium in vapors, the higher
is the concentration of electrons in the film. We notice
that such a result is characteristic of the films possessing
either the initial n- (curve 1) or p-type (curve 2) of
conductivity. At first sight, it seems strange, because
the excess of Se in pure PbSe behaves as an acceptor [2].

3. The whole spectrum of point defects in doped
PbSe(Se):Bi films can be described by the system of
quasichemical reactions, which are listed in the table.
Here, reaction I describes the transition of selenium from
vapors (Sey) with the formation of neutral lead vacancies
(V). Reactions II to IV are responsible for the balance

Quasichemical equations of the formation of point defects in PbSe(Se):Bi films, their reaction constants K =

Ko exp(—AH/kT), and enthalpies AH

N | Equation Reaction constant | Ko AH, eV
0
I 1Ses = Sese + V9, Kse = ] 1.57-10%8, cm—3Pa—1/2 0.49
Seo
11 “W0 =v9 + v Kgn = VRV 6.71-10%%, cm ¢ 2.11
22—, 2
I VO, = V& + 2n+ R 4.5-10%0, Pa? 0.28
Pb
2+1,.2
v VO = VEF 4 2 Ky = el 4.5:1040, cm =5 0.28
Se
A% “=e~ +ht K; =np 1.13-1049, cm =5 0.59
+ 0 | o= — Bi- 0 _ WeplBig]p 85
VI Bif, + V& 4+ e~ =Big, + VJ, +hT Kpi = [Vpsg’][ﬁ 8.56-10%% * 9.18%
Y I [Pb{]-n 27 =3
VII PbY = Pb} +e Kpp =~k 1.73-10%27, cm ~1.82
VIII SeY 4+ Biz, = Bif, + 2~ _ [Big)n? 5.01-1043 —6 pa—1* 0.01
e2+ ig, = 1Pb+e +_m .01- , cm a .
Note. * — our calculations
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Fig. 1. Dependences of the Hall concentration of current carriers
nyg in PbSe(Se):Bi films on the temperature of the additional
source of selenium Tse at various temperatures of the substrate
Ts =520 (1) and 620 K (2). Symbols o and symbol e correspond,

respectively, to the n- and p-types of conductivity [3]

of Schottky defects and their ionization. Equation
V determines the intrinsic conductivity. Equation
VI is responsible for the amphoteric action of the
bismuth impurity. Here, bismuth is distributed in
both the cation and anion sublattices by forming
the V& and V), vacancies, respectively, at the
deposition temperature 7;. Equation VII governs the
transition of lead from the vapor, equation VIII
the distribution of bismuth between the sublattices
of the main matrix under the influence of excess
selenium.

The equation of electroneutrality for the considered
mechanisms of formation of point defects reads

n+ 2[VEy ]+ [Big,] = p+ 2 [VE] + [Big,] + [Pbf]. (1)

The system of equations I—VIII in the table and Eq. (1),
provided that Np; = [Big,] + [Bigb], enable one to
determine the concentration of each defect:

1/2 7.
Pry, Kpyp ., Kse Py Ky
o] = oK ey e e B
Kgn I(['1
[V82e+] = 1/2 25
KSe PSe2 n
972

1/2 0 Ksp
[Veb] = Kse P [Vsel =
oS ‘ Kse PSle/z2 ’
. Ngi
[BISe] - 1/2 )
Kse Pg. ? Ky Pse
K; Ky, IZ{B; n4+ = +1
Ng;i
o+
[Bip,] = K K KBI; nt ; (2)

+1
Ks.P3[? K3 4Ky Pse, K| K, K, n?

The concentration of electrons can be found by
substituting expressions (2) for the concentrations of
defects into the electroneutrality equation (1):

1/2
9 Kse PSe/z Ky Npg; B
n + K2 n° + Ks. Psl/z K3 =
' K; Kg, Iz(Bi n? +1
_ K, K Kq n
T n . pl/Z oo
KSe PSeg n
Np; Ppy, K,
+ : Bl. . + Pb Pb-
K, Ko, Ko n 1 n

Kse Psle/z2 K}+K4 Pse, K} Ky, Kpi n?

Taking into account that the Hall concentration ng,
which is measured experimentally (Fig. 1), is equal to
ng = n — p and, according to equation V of the table,
K;(Ts) = np, we obtain the following expression:

ng = n[l — K;(Ty)/n"?]. (4)

4. The results of calculations of the dependences of
the defect concentrations and the Hall concentration of
current carriers in PbSe(Se):Bi films on the temperature
of the additional source with pure selenium 7Tgs. at
various deposition temperatures Ty are shown in Fig. 2.
Their analysis testifies to that the enrichment of the
vapor with selenium in the deposition region, similarly to
rising the temperature of the additional source, causes
a reduction of the bismuth concentration in the anion
sublattice [Big,] of the basic matrix (curve 2). The
concentration of doping impurity in the cation sublattice
[Bif,] grows at that (curve /). We notice that the
character of the dependence of the amphoteric impurity
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Fig. 2. Calculated dependences of the current carrier and defect
concentrations in PbSe(Se):Bi films on the temperature of the
additional source of selenium Tse: ng (1), [ng_} (2), [Big,] (3),
[Bi;,rb] (4), and [ng} (5). The temperature of the substrate

Ts = 520 (a) and 620 K (b)

Bi on Tge is defined by the deposition temperature 7y
(Fig. 2). For example, only an insignificant growth of
[Bif,] and an abrupt reduction of [Big,] are observed
at Ty = 520 K (Fig. 2a, curves 4 and 3, respectively);
but not above than at T, = 620 K, [Big,] decreases
more slowly while [Bi;b] grows abruptly (Fig. 2,b,
curves 8 and 4, respectively). That is, at low deposition
temperatures Tg, the mechanism of the replacement of
lead vacancies by bismuth prevails at all studied values
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Fig. 3. Dependences of the relative compensation factors F; =
[Bigb]/[Bige} in PbSe(Se):Bi films PbSe (Se):Bi on the temperature
of the additional source of selenium T, at Ts = 520 (1) and 620 K

(2)

of Tse (Fig. 2,a, curve 4), while it dominates at high T
only provided a considerable partial pressure of selenium
vapors Pge, in the deposition region (Fig. 2,b, curve 4).
If Tse is insignificant, the point defects of the Big, type
play the key role (Fig. 2,b, curve &). This conclusion
is also confirmed by the dependences of the relative
compensation factor for those defects [Bif,]/[Big.] on
Tse (Fig. 3).

We note that the concentrations of neutral vacancies,
both lead V{9, and selenium V@, ones, are insignificant
and amount to 108 — 10'° ecm~3 at 7, = 520 K and
1010 — 10" cm™2 at 7, = 620 K. The concentration
of charged interstitial Pb atoms [Pb}] varies within the
limits 10'3—10' cm 2 and does not affect essentially the
Hall concentration of current carriers. The concentration
of lead vacancies [Vp,] tends to grow only if the
temperature of the additional source with selenium is
substantial (Figs. 2,a and 2,b, curves 2), while the
concentration of selenium vacancies [V52e+] falls down
sharply at that (Fig. 2,b, curve §). These concentrations
are also substantially lower than the concentrations of
the amphoteric bismuth impurity in the cation, [Bif,],
and anion, [Big,], sublattices (Fig. 2).

Thus, the experimental results can be explained
satisfactorily by the amphoteric properties of the
bismuth doping impurity in PbSe(Se):Bi films. An
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increase of the partial pressure of selenium vapors Pse,
in the deposition region induces the growth of the Pb-
vacancy concentration, which is a reason for the bismuth
redistribution between the anion and cation sublattices
of the basic matrix.
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TOYKOBI JEOEKTU I MEXAHI3MU JIET'VBAHHS
V IIJIIBKAX PbSe(Se):Bi

J.M. ®@peix, A.M. Hdyypa
Pesmowme

3anponoHOBAHO KBa3iXiMiuHI piBHAHHS YyTBOPEHHS TOYKOBHUX Je-
dexTiB y JeroBaHmx BiCMyTOM ILTIBKAX CEJIEHIZAY CBHHIO, BHDO-
mieHux i3 mapoBoi (a3Wm Ipu pI3HUX TeMIepaTypax OCaI>KeHHS
3a yMOBH HACHYEHHSI IapU CesJeHoM. ExcmepuMmeHTas bHI pe3yiib-
TATH MOSCHEHO, BUXOISIIN 3 aM(POTEPHUX BIACTHBOCTEH JIETYIOUOL
JOMIIIKH.
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