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INVESTIGATION OF SELF-DIFFUSION OF CADMIUM AND
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Investigation of self-diffusion of Cd and Se in CdSe single crysté.ls have been carried
out by means of radioisotope tracer section method. The self-diffussion process was studied
in sealed amploules in the vapours of the investigated elements atmosphere under different
pressures. It was found that the diffussion profiles are the result of two processes: one slow
(interchange mechanism) and the other fast (interstitial mechanism). The contributions of
these two mechanisms depend on the temperature, and part1a1 pressure of the element as ‘well
as the impurity concentration contents in the sample. The results are explained in terms of
native and impurity point defects in II-VI semiconducting ‘compounds.

1. Introduction

There is much experimental evidence that native point defects strongly influence the
electrical and optical properties of II-VI semiconducting compounds, however, the present
knowledge of detailed features of this problem is insufficient. The high temperature equi-
librium of defects in pure single crystals is usually studied by heating the sample to high
temperatue, “freezing” by rapid cooling to low temperature and subsequent measurement
of the electrical and optical properties of the crystals. There is some evidence [1], how-
ever, that during rapid cooling to low temperature, the high-temperature equilibrium state
is not maintained and thus the measurements of the electrical and optical properties after
this procedure, do not represent the high temperature equilibrium state. ’

_ Investigation of the equilibrium states of point defects in II-VI semiconducting
compounds can be carried out by means of radiometric measurements of self-diffusion
of their radioisotope components. These studies consist in the determination of the self-
-diffusion profile at high temperature, subsequent rapid cooling and determination of the
profiles of the radioisotope concentration changes in the sample, at room temperature.
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The present paper gives the results of radioisotope tracer studies of the self-diffusion
of cadmium and selenium in CdSe single crystals. The results concerning the self-diffusion
of sulphur and cadmium in CdS crystals have been published earlier [2].

The results obtained are the basis for the discussion of problems connected with point
defects in II-VI semiconducting compounds.

2. Experimental

The CdSe single crystals obtained by a method described in Réfs‘[3; 4] were oriented
by means of the X-ray method. A diamond saw was used to cut out oriented 5x 5x2.5cm?
plates whose greater square faces were the (0001) planes. All samples were polished me-
chanically. To remove distortion of the crystals structure produced during mechanical
treatment the samples were also subject to chemical polishing for a short time. The diffusion
process was carried out from gaseous phase. The samples and weighted portions of
suitable radioisotopes in the vapour of which the diffusion was carried out were located
together in sealed ampoules. Before loading, the ampoules were carefully washed in
aqua-regia, in highly concentrated HNO; and deionized water, and then dried.

The size of weighted portions of components in the vapour which the diffusion process
occurred was determined taking into account the model of varying diffusion source and
the vapour pressure under which the pariicular diffusion experiment was made. This vapour
pressure defines not only the diffusion rate but also the mechanism of the diffusion pro-
cesses.

Filled quartz ampoules were evacuated to about 10~#*—10-> Tr and then cut off from
the vacuum pump. Next the samples were annealed in one- and two-zone resistance fur-
naces in which the annealing temperature was stabilized within +5°C keeping the heating
system in thermal equilibrium. The distribution of the temperature along the furnace was
measured, using Pt-PtRh thermocouples connected to a recorder or thermostatic control
system. :

After removing from the furnace, the ampoules were rapidly cooled in water. In order
to eliminate the influence of surface diffusion, sections of thickness greater than the prob-
able diffusion range (100-500 pm) were taken off from all surfaces except this one used
for the measurements. The samples prepared in this way were investigated by the method
of the radioisotope tracer analysis.

The investigated layers were ground off by mechanical polishing using 4/0 emery
paper in convenient holders to guarantee the parallellness of layers. They were also re-
moved by means of chemical polishing using a solution which contained 3 parts of concen-
trated HCI and 2 parts of saturated solution 7 parts of K,CrO3, and 3 parts of concen-
trated H,SO,.

The depth of the sections was measured basing on the decrease in weight after re-
moving a subsequent section by means of a semiautomatic balance with the accuracy of
10-5 g. It was also measured on samples by means of Abbe comparator.

The measurements of the gamma or beta radiation intensity emitted by the samplé
after removing subsequent section or measurement of the specific activity of this section
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were carried out by means of GM-counters (type GAH ane BAH) and also by means of
a scintillation counter connected to a PEL-5 scalar. The obtained result was elaborated
using the least squares method. The errors of the diffusion coefficients determined did not
exceed 5%.

3. Experimental results

3.1. Self-diffusion of selenium

Investigations of the self-diffusion of selenium were carried out using the 7*Se radio-
isotope obtained by activation of specpure natural selenium with slow neutrons in the
EWA-reactor at Swierk after suitable cooling down period. The half-life of this radio-
isotope is Ty, = 127 days. The decay scheme is rather complex [5] and the emitted radia-
tion is mainly gamma type with energies ranging from 0.666-0.405 MeV. The analysis was
mainly based on measurements of the specific activity of the sections. The profilein Fig. 1

10°

] for profile 3

in cm.

[ counts
m

10*

4In
7 AXn

10°

. [counts 3 .
i [ inmg ] for profile 1and 2

10%

5 20 25 30 35 40,
70':[cm 7
X

Fig. 1. Self-diffussion profiles for Se and Cd in CdSe single crystals. I —self-diffusion of selenium at 820°C

during 20 hours under the pressure of saturated Se vapour; 2 - self-diffusion of selenium at the same

time, but under the pressure of 0.1 of that of saturated vapour; 3 - self-diffusion of cadmium at 700°C
during 7 hours under saturated cadmium vapour pressure

is a typical profile of the self-diffusion of selenium in CdSe single crystals annealed in satu-
rated selenium vapour (pcg = 2.2 x 10-¢ atm) for 20 hours at 820°C. In such conditions
the diffusion profile exhibits a small bend not too distinct however, when for the same
annealing temperature the same time and pressure equal to 0.1% of the saturated sele-
nium vapour pressure this bend is considerable (see profile No 2 in Fig. 1). When the
self-diffusion of selenium was carried out at 890°C for 25 hours under the pressure
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Pca = 0.22 atm the self-diffusion profile is almost a straight line as it can be seen in Fig. 2
(profile No 2). However, in the same condition of time and temperature, but under higher

pressure (pcg = 0.8 atm) the profile is no more a straight line (profile No 1 in Fig. 2). Since
the occurrence of bends in the profiles does not exhibit any regularity, the present analysis
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Fig. 2. Self-diffusion profiles in CdSe sin’g’lédr&stals obtained at 890°C during 25 hours . J - under
Cd-vapour pressure of 0.8 atm; 2 — under C_d-vapour pressure of 0.22 atm

is concerned only with the parts': of the profiles under the bend, similarly to the curves
without bends which are characteristic for slow (interchange diffusion) as it has been
shown in Refs [2, 3] and below. '

The self-diffusion coefficients were calculated using the expression from Ref. [7]

o const  [—x? _

it 1) = oy P (4Dt> S
where i(x, #) is the specific activity of the section at a given depth x after annealing for the
time ¢, and D is the diffusion coefficient. ,

All the results obtained from mvestlgatlons of the 111ﬂuence of temperature and cad-
mium vapour partial pressure above the annealed sample are summarized in Fig. 3. It can
be seen from this figure that the coefficients of interchange self-diffusion of selenium are
inversely proportional to the partial pressure of cadmium vapour:

se = KrDod . , (03]
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The values of Kr 'célcﬁieitedvfroﬁi the dependences of the self-diffusion coefficients on

1 .
pressure shown in Fig. 3 are plotted in Fig. 4 in log Ky vs T terms. The calculated points
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Fig. 3. Dependence of the self-diffussion coefficient of Se in CdSe single crystals on Cd vapour pressure

on a straight line whose equation has been determined in accordance with (2) by means
of the least squares method with the help of a computer. This equation is as following

(€)

s —101200
Ky =2-10"exp

 RT

The temperature dependence of the self-diffusion coefficients for the two most interesting
extreme cases, i. e. for minimum value of pressure (pcq = 2ps.) and the pressure of satu-
rated vapouf of selenium, are shown in Fig 5. They were approximated by the well-known
relationship of Arrhenius

[ —E
D = D, exp <§?> “

where D is the self-diffusion coefficient, D, is the frequency coefficient, E — the activa-
tion energy, T — the temperature and R — the gas constant.

These dependences can be described by the following equations: for the diffusion
process occurring under minimum total pressure (curve 2)

— 49800
—) ®

Dy, = 9.04-1073
. exp( o
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Fig. 4. Ky for interchange slow dlﬁ'uswn of selenium in CdSe single crystals in the dxrectxon [0001). vs 1/T
Fig. 5. Temperature dependence of self-diffusion coefficients of Se in CdSe single crystals in the direction
[0001]. I —under saturated vapour pressure of Se; 2 —under minimum total pressure

TABLE I

Self-diffusion constants of Se and Cd in pure and indium doped CdSe single crystals

Selenium .

Cadmium

Under minimum
total pressure

Under the pressure
of saturated
selenium vapour

Under the pressure
of saturated’

~ Under the biessure

of saturated cadmium

selenium vapour vapour
cm?
o —— 9.04-10-3 8.83-10°3 4.12-10°2 6.3-10-2 1-10-%
sek
cal ,
. 49800 38600 50000 38600 19100
g.atom
Samples doped with
Pure samples indium to

108 atoms/cm?
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and for the diffusion occurring under the pressure of saturated selenium vapour pres-
sure (curve I):

©

—38600
= 8.83-1073 ).
Dg, 3 exp( RT )

The self-diffusion constants appearing in these formulas have been also summarized
in Table L

3.2. Self-diffusion of cadmium

The investigations of the self-diffusion of cadmium in CdSe single crystals were car-
ried out using the **3Cd radioisotope which was obtained by irradiation of specpure
cadmium in the EWA-reactor at Swierk with slow neutrons (neutron flux of about 10'3),
The irradiation time was 100 hours and the subsequent cooling-down period of
six days.

Cadmium-115 is both a beta and gamma emitter with the half-life T:, = 43 days.
The gamma spectrum consists of a number of lines in the range 0.337-1.280 MeV with
the predominance of the more energetic part.

The studies of the self-diffusion of cadmium in pure CdSe single crystals in the direc-
tion [001] were carried out under different partial pressures of cadmium, mainly under the
pressure of saturated vapour of cadmium and selenium. Such studies were also carried out
on samples doped by copper, however, only under the pressure of saturated cadmium
vapour. The diffusion profiles were obtained by measurement of the specific activity of
the removed sections and by measurement of the intensity of radiation of the sample
after remowing subsequent section. In the former case the diffusion coefficients were
calculated using Eq. (1), while in the latter the formula used was:

AI,  const -x2 o
— = —— ex
Ax, /Dt P\ ap:

which is the solution of the Fick equation in these conditions and the denotations are the
same as in Eq. (1) except 41, which denotes the change in the intensity of radiation after
removing a consecutive section of the thickness Ax,. These profiles did not exhibit any
distinct bend (profile No 3 in Fig. 1) which is characteristic for the case when the diffusion
flux consists of both the slow and the fast components. Fig. 6 shows the changes in the
self-diffusion vapour pressure of cadmium (curve 2) and selenium (curve 7). Both rela-
tionships concern the self-diffusion in pure CdSe single crystals.

The curves presented in the figure were approximated by the Arrhenius equation
(Fig. 4) and have the following forms: for the self-diffusion occurring under the pressure
of saturated vapour of cadmium (curve I):

®)

— 3860
Dey = 6.3-1072 exp( 0)

. RT
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and for the self-diffusion under the selenium vapour pressure (curve I):

—50000
Dgy = 4121072 _— .
w1210 o (S2) ®
The constants appearing in Eqs (8) and (9) are also summarized in Table 1. The temper-
ature changes in the self-diffusion coefficients of cadmium in CdSe single crystals doped
by indiym (10'® atoms/cm®) are presented by the broken line (3) in Fig. 6. Before the
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Fig. 6. Temperature dependence of the interchange self-diffusion coefficient for Cd in CdSe single crystals
in the [0001] direction. I — for self-diffusion under saturated vapour pressure of Se in pure samples; 2 - for
self-diffusion under saturated vapour pressure of Cd in pure samples; 3 — for self-diffusion under saturated
vapour pressure of Cd in indium-doped samples (10'® at/cm®) '

bending point the line coincides with éXtrapdlated .sfraight. line (2) (upper line) while
the part of the line after bending can be described by the equation

- [—19100\
Deg = 1.0+ 1075 exp (—ﬁ——> (10)

For the sake of comparison the self-diffusion constants occurring in this equation have
been listed in the last column of Table I.
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4. Discussion of the results and conclusions

The results of the investigations of the self-diffusion of cadmium and selenium in
CdSe single crystals obtained in the present work as well as those published in earlier pa-
pers [2, 3] indicate that the self-diffusion of the elements of the oxygen family occurs by
two mechanisms: the interchange (slow) and interstitial mechanisms. Occurring or not
this latter process, depends on the temperature and on the partial pressure of the particular
elements participating in the diffusion process. It was found that interstitial diffusion
becomes more important the higher the temperature and the lower the partial pressures
(¢f. Fig. 5 and Eq. (2)). On the other hand it has been also shown that the rate of exchange
-diffusion increases with increasing partial pressure. This proportionality between the self-
diffusion coefficients and cadmium vapour pressure is not observed if the cadmium pres-
sure is maximum. The last fact is clearly seen particularly in the case of self-diffusion of
sulphur in CdS single crystals [2]. In this case the mechanism of self-diffusion will be
probably different. It seems that in the whole investigated partial pressure range the
dominant mechanism is exchange-vacancy diffusion. It is not possible however to ex-
plain the inverse-proportionality between the self-diffusion coefficients and cadmium
vapour pressure in the framework of this mechanism, since according to the simple
model of point defects the concentration of vacancies remaining after the atoms of the
oxygen family as well as the coefficients of their self-diffusion should increase together
with increasing partial pressure of cadmium vapour.

From the comparison of the activation energies of exchange self-diffusion of selenium
in CdSe single crystals (Eqs (5) and (6) and Table I) it follows that the activation energy
in the process under minimum overall pressure is greater than in case when the selenium
vapour is saturated. This is probably connected with the fact that under smaller selenium
pressures the concentrations of vacancies remaining after selenium atoms are greater as
well as the probability of the formation of divacancies which are characterized by smaller
migration energies.

The self-diffusion of selenium into CdSe single crystals which occurs under saturated
selenium vapour pressure is accompanied by a decrease in the concentration of intersti-
tial position of cadmium, similarly as it was observed in the case of the self-diffusion of
sulphur in CdS single crystals [2, 3]. This decrease is the main reason for the decrease
in the resistivity of the sample in the region where the self-diffusion occurs. The change
in the physical and electrical properties of II-VI semiconducting compounds in particular
the change of resistivity is now explained on the basis of the model of point defects. During
the annealing of such samples in the atmosphere of the oxygen group elements, cadmium
vacancies are produced, which in this case are acceptors and by compensation, increase
the resistivity while the interstitial positions of oxygen group atoms do not play any
active role as far as the electrical properties are concerned [12]. The validity of such
explanation is supported by the fact which has been found in the first, preliminary stage
of investigations, namely, that the self-diffusion of oxygen family atoms in interstitial
positions of the structure of II-VI compounds does not depend on doping. This fact
suggests that the defects participating in this process are electrically neutral.
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The inverse proportional dependence of the interstitial self-diffusion of sulphur in
CdS and selenium in CdSe on partial pressure of cadmium can be explained, if one assumes
that local equilibrium is established between the rapidly diffusing atoms in interstitial
positions and the atoms in the sites of the crystal lattice of II-VI semiconducting com-
pounds. An important role in self-diffusion processes is thus played by the exchange re-
action between these two types of point defects [8].

On the basis of the accepted model of interstitial-exchange self-diffusion and the
present measurement results it is possible to estimate the approximate values of concen-
trations of point defects introduced into the lattice. It follows from the results of the
study of selenium self-diffusion into CdSe carried out at 900°C that the concentrations
of point defects are as following: for the maximum selenium pressure [Se]] = ix10+
of molar fraction (C = 2x10'® cm3), while for the maximum cadmium pressure
[Cds.] = 10-7 of molar fraction (C = 1.5x 10'5 cm3). It is seen that the concentration
of vacancies is comparable or smaller than the ‘maximum possible residual concentration
of cadmium in the present technology.

The temperature changes in the self-diffusion coefficients of cadmium in pure CdSe
single crystals which are shown in Fig. 6 (profiles I and 2) and which are described by
Eqs (8) and (9), as well as the self-diffusion constants appearing in these equations and
listed in Table I, have a similar character as in the self-diffusion of cadmium in CdS single
crystals [2, 3]. There is no reason to believe that their interpretation should be different.
The basis of the model which explains the results obtained is again the model of inter-
stitial-interchange diffusion and the interchange of the type interstitial-lattice sites. This
mechanism may be the basis for the explanation of rapid changes in the electric proper-
ties of CdSe single crystals observed after their thermal diffusion treatment. In this case,
however, one should bear in mind that there is also diffusion along the dislocations. :

The results obtained from investigations of self-diffusion of cadmium are described
by the broken line (3) in Fig. 6, Eq. (10) and the self-diffusion constants are given in the
last column of Table I. In the framework of the model of interchange and interstitial
mechanism the following explanation can be given. At lower temperatures when the
concentrations of cadmium vacancies are smaller than those of ionized donor impurities the.
influence of the latter will be displayed in the increase in the concentration of ionized cad-
mium vacancies and in the increase of cadmium self-diffusion coefficients. At high temper-
atures, when the concentration of cadmium vacancies is greater than that of donor im-
purities, the self-diffusion process is independent on the concentration of donor impurities.
This fact is confirmed by the shape of the curve 3 in Fig. 6 below its bend and by the shape
of the straight curve 2 in the same figure. Assuming that the self-diffusion of cadmium
in CdSe single crystals doped with indium occurs as a result of the displacement of ionized
cydmium vacancies and as a result of the fact that the concentration of these vacancies
is comparable with the concentration of donor impurities, the activation energy deter-
mined from the slope of the line above the bend (E = 19.100 cal/mole) represents the
activation energy of the motion of ionized cadmium vacancies. The measurement of the
self-diffusion of cadmium made at 800°C on a CdSe single crystal doped by copper to
1018 cm~3 yielded a coefficient five times greater than that obtained on a pure CdSe sample.
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According to the model of self-diffusion in undoped CdSe samples the diffusion process
introduced only ionized vacancies, and the addition of acceptor impurities, such as copper,
should decrease the concentration of vacancies and the values of the self-diffusion coeffi-
cients of cadmium. Another type of influence of acceptor impurities on the self-diffusion
of germanium was found in Refs [9, 10].
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