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Prop6e-se um model o de crescimento de filmes finos de seleneto de cobre. E apresentada
umaeguagao mateméti caquedescreveacinéticade crescimento do filme. S8o apresentadosre-
sultados simulados bem como discussdo sobre os resultados do modelo. Fez-se um procedi-
mento de gjuste dos dados derivados do model o com resultados experimentais. Foi estimado o
coeficiente de difusdo dos ions Cu(l) em seleneto de cobre.

A modé of the growth of thin films of copper selenidesis proposed. A mathematical equa-
tion that describes the kinetics of the growth is derived. Simulated results and a discussion on
the results of the model are presented. A fitting procedure of literature data with the derived
equationiscarried out. The diffusion coefficient of copper(l) ionsin copper selenideisroughly

estimated.
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I ntroduction

This paper deals with a theoretical description of the
growth of thinfilmsof copper sel enide on copper substrate.
Thin films of semiconductor materials like Cu,Se, ZnS,
GaAs, CdS, Cu,S, CulnSe,, amongst others, are potentially
alternativematerial sfor substituting bulk siliconin electro-
nic devices and particularly in photovoltaic systems. The
drawback of siliconisitshigh production cost with the ne-
cessary purity. Useof thin films (1-10 nm thick) represents
considerable cost saving because of reduced material use
(ca. 20 g/m?).

Thesefilms can be prepared in several ways. Low pres-
surevapour deposition is probably the technique whichyi-
elds the best results, but requires sophisticated equipment.
Electrochemical methods are supposed to be cheaper and
they can be more easily adapted from laboratory to indus-
trial scale. A very simple method isthe chemical bath depo-
sition. It is based on dipping a solid substrate in a
conveniently formulated solution. More than one mecha
nismispossiblein thiscase. The semiconductor can befor-
med at the solid/solution interface and then deposited onto
the substrate. Cadmium sulphide was prepared by dipping
aglasssheet inasol ution containing Cd(NHz)42* and thiou-

real. Thelatter slowly decomposes and generates sulphide
ions while the former acts as a source of Cd(I1). Bothions
combine and generate CdS, which deposits on the glass.
ZnS was prepared similarly?.

Another mechanism operates when the substrate itself
actsas source of metal ions of the semiconductor to be pre-
pared. In this case, oncethefirst monolayer isformed, it is
necessary that metallic ions move through the film, since
movement of seleniumionsin copper selenides practically
doesnot occur. Electronsal so haveto movetowardsthe ex-
ternal interface and combine with some oxidizing agent in
the neighbourhood. Aluminium, zirconium, copper and
nickel oxides® and copper selenide* areformedinthisway.

This work deals with a growth model of berzelianite,
CuySe (x representing a small deviation of the stoichio-
metry). Cup-xSeisasemiconductor with aband gap betwe-
en 1.1 and 1.7 eV. The electronic transport properties are
characterized by positive signs of the thermal emf and the
Hall constant and by the negative temperature coefficient
of electrical resistivity in certain temperature ranges.
Apparently, the semiconductor type of properties results
fromthedefect structure of Cup«Se arising from the occur-
rence of vacanciesin the Cu site, whose formation energy
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ischaracteristically low. The copper vacancies supposedly
createlow-lying acceptor level sin the bandgap that are oc-
cupied at ordinary temperatures, and the resultant holesin
the valence band account for the hole conduction®.

Thin films of Cu,.xSe compound can be prepared by
dipping copper metal in a sodium selenosulfate solution®.

(2-x)Cu(solid) + SeSO*(ag.) ® Cuz«Se(solid) +
SOs?(aq.) (N

The growth rate depends on the mobility of themetallic
ionthroughthesolid film. Thelessthediffusion coefficient
in the solid, the lower the growth rate. Asfar as we know,
thediffusion coefficient of Cu(l) in copper sel enide has not
yet been determined. Theelectrical conductivity isalsoim-
portant, for the el ectrons also have to movein order to ma-
intain the electrical neutrality. However, this parameter is
more important in a galvanostatic process (like the anodic
formation of Cu,S? and CdS’) than in chemical bath depo-
sition.

Control of the growth kinetics of semiconductor ispre-
requisiteto the preparation of thin filmswith technological
applications. With regard to Cu,.xSe, thefilm grows accor-
ding to the parabolic law*, d = AtY?, where d is the film
thickness, tistheimmersion time of the substratein the so-
lution and A isa constant. Wagner®® deduced this law, as-
suming the existence of concentration differences in each
phase.

For the growth of copper selenidein aqueous selenosul-
fate, the constant A isafunction of the selenosulfate con-
centration®. This dependence is not predicted by the
mathematical expression that definesthis parameter. In or-
der toexplain thedependence, amodel refinement isneces-
sary. Thebasisfor thiscan bethefact that tracesof crutaite,
CuSey, were found in the film together with Cu,-xSe, de-
pending on the experimental conditions’. Thisresult led to
thehypothesisthat asublayer of CuSe, isformed beforethe
formation of Cu,.xSe. Thegradient of chemical potential of
Cu(l) at the CuSey/solution and the Cu/Cuy.«Se interfaces
would be the driving force leading the reaction. Descripti-
on of this process as well as its formulation established a
new model for copper selenide growth. The aim of this pa-
per isto present such amodel. The parabolic law will still
be considered valid, but the kinetics of the selenosulfatere-
ductionand theformation of thesublayer will beincluded.

The Modé€

Figure 1 represents the steps supposed to occur during
thegrowth of Cux«Se. First, beforeany reaction occurs, the
substrate (copper metal) isput in contact with aqueoussele-
nosulfate. Asthe substrate is homogeneous, the Cu(l) che-
mical potentia profileisconstant at somevalueat themetal
and zero at thesolutionif it doesnot contain any copper ion.
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Then, afirst layer of Cu,.xSeisformed by theattack of sele-
nosulfate:

(2-X)Cu + SeS0z% ® CupxSe+ SOz% 2

The solubility product of copper selenide is quite low
(1058 mol¥/L3, according to Ref. 10) and facilitates the
occurrence of this reaction. The action of selenosulfate
goes on and makes the surface richer in selenium. Thisle-
adsto theformation of CuSe,. Theformation of poliseleni-
desisknown!!, The chemical potential of Cu(l) decreases
inthesetwo phasesinrelationto the one at the metal. Figu-
re 1 represents the decrease aslinear in the CuSe, because
this layer is aways very thin, while the Cu,.xSe layer
grows. Thishypothesisis reasonable because just traces of
CuSe; arefound experimentally and no CuSe, could bede-
tected if the experiment is carried out faster®. The gradient
of chemical potential |eadsto thediffusion of Cu(l) through
both phases. When Cu(l) goes through the sublayer, the
CuSe; is converted into CupxSe:

(3-2X)Cu* + CuSe; + (3-2X) € ® 2CUp,Se ©)

CuSe is richer in selenium than Cu,xSe and accor-
dingly CuSe is formed near the film/solution interface.
The selenosulfate uptakes the electron generated by the
Cu(l) formation. Then, it is assumed that these processes
repeat n times.

Mathematical Description

Thetimefor forming CuSe; in each cycleisalwaysthe
same. On the other hand, the diffusion time of Cu(l)
through the layer and sublayer increasesin each cycle, sin-
ce their thicknesses increase gradually.

It is assumed that the rate of the chemical reaction is
proportional to the sodium selenosulfate concentration, C.
The time required by the chemical reaction is given by:

4

= 4
where d; is the thickness of the sublayer, k is the kinetic
constant and the subscript indicates the number of the
cycle.

Thetimerequired by Cu(l) to diffuse, t”, may be expec-
ted to obey the parabolic law. Thus t” is given by
t” = (d/A)?, where d is the thickness of the film to be cros-
sed. So, after formation of the first CuxxSe layer, with
thickness di, one has:

- _(d+d)®
b= ®)

Each cycle consists of thesetwo steps. Thetimeof each
stepineachcycleisnamedty’, to”, t3', t3”, , tn', ty”, Sothat:
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Figure 1. Proposed model of formation of Cuz.xSe film on copper from aqueous sodium selenosulfate. Once afirst monolayer of Cuz.xSeisfor-
med, it isattacked by selenosulfateions, yielding asublayer of CuSe,. lons Cu(l) diffusefromthe substrate towardstheinterfacefilm/solutionand
©)

convert CuSey to CuxxSe, increasing the thickness of the film. The process repeats n times

o d © d=nd,
‘e kc’ " kC Thetimerequired for forming thefilm isthe sum of the
required time in each of the n steps
+2d)? . +nd,)? o L L L
tz =%“'tn:%= t=(t1+t1)+(t2 +t2)+(t3+t3)+ +(tn+tn)(10)
o +2nd, +n?(d))? @ Substituting the termst” and t” yields:
= E . 4
=8 G+ L8 @ randed)
Thefinal thicknessisthe sum of thethicknessesin each i=1 AT
cycle. The thickness over the first monolayer is: nd 1
t=—"+—n 2+ a (2id,d +i*(d)*) (12)
g . kC A
d=g d )
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Using the identities™

q n(n2+J) é n(n+J)é2n+J) (13)

the following equation can be obtained:

(ol € L dd (@) dd @)
kC A? A% B6A? A? 2A2

@0 g
Substitution of (1) in (2) results:

e e et e
C dA? AZ 6A dlA oA

(15)

Results and Discussion

The growth of copper selenides was simulated assig-
ning values for the parameterskC, A, d; and d; in Eq. (3).
Figure 2 shows some curves generated in thisway. Theva-
lue used both for dy and for di was 6 x 10 cm, which cor-
respondsapproximately to thedimension of amonolayer of
copper selenide. The size of aunit cell inthe crystal lattice
of copper selenideist® ca. 5.8 x 108 cm. Values of A% and
of the product kC have dimensions of cm?/s and cm/s, res-
pectively. These parametersvaried from 108 to 10°° cm?/s
and from infinity (1/kC = 0) to 108 cn/s.

The growth curve increases monotonically, is concave
downwards and has no asymptote. The concavity isacon-
sequence of theterms d? and d®in Eq. (3) and of thefact that
their coefficientsarealwayspositive. Thereisalinear regi-
on, whose extension depends on kC and t. If kC is small
compared to di A%/d:?, A%/dy and A%/dy , the first term of
the second member in Eqg. (3) predominates over the other
terms. The Eq. (3) simplifiesand becomeslinear. Thisline-
ar region meansthat the chemical reaction istherate deter-
mining step of the growth. Thefilm growthisalsolinear at
theinitial stagesof formation, i.e., if t tendsto zero. Inthis
case, the film is so thin, that the transport of Cu(l) occurs
easily and does not constitute hindrance to the growth.
Obvioudly, thesmaller iskC, thesmaller isthelinear inter-
val.

If Eg. (3) cannot besimplified, thendiffusionof Cu(l) is
therate determining step. Thus, kinetic informationispre-
dominantly contained at theinitial part of thegrowth curve,
while information about ion transport is contained at the
non linear region.

Equation (3) was fitted to the experimental result of
Ref. 4, varying the parameters A% and kC. Initially both pa-
rameters were fixed at low values, and A% was increased.
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Figure 2. Hypotethical growth curves of copper selenide film accor-
ding to the proposed model. Used parameters: di = di =6 x 108 cm.
For clarity, the curves were separated in three series, shifted 2000 s
from each other: (1) A= 10" ecm?/s; (2) A2=10° cm¥sand (3) A%=
10® cmZs. In each group the parameters kC were: a (i.e., 1/kC=0),

Thelow valuesof kCyieldlinear plots. Then the concavity
was corrected by increasing kC. Deviations caused by this
last increase were compensated by varying A2, Figure 3
showstheresultsobtained with A% = 10% cm?/sand k = 7.9
x10%cmst L mol ™.

The agreement between cal cul ations and experimental
data by itself does not validate the model but permits esti-
mation of physico chemical parameters. The diffusion co-
efficient of Cu(l) in Cux.xSe can be calculated from A? if
the difference of Cu(l) concentration in copper selenide
and in copper metal is known. (see appendix):

Mecu, s

lcu,se

A= DCCu(l) DCu(I) (16)

This concentration is related to the number of defects
per unit volume of the crystal. The reader is referred to

1.5
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Figure 3. Comparison of experimental and theoretical curves. Para-
metersused in Eq. (3): A2= 108 cr/s; d1 =d; = 6x 108 cm; the para-
meters kC at the figure correspond to the same value of k = 7.9x 10°®
cm s M, C being the given sodium selenosulfate concentration.
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Morrison** for more details. Typically, the number of de-
fects may be of the order 10'® cm™, according to Bamford
and Tipper®®. Assuming the number of defects in copper
metal to be much lower than the one in copper selenide,
DCcy(iy can be assumed to be 10'° cm™ = 1.66 x 10® mol
cm3. By using thisvaluewiththevalue of A obtained expe-
rimentally and the density and molar mass of the Cu,Se
equal to 6.749 g/cm? and 206.0 g/mol, respectively, one ob-
tains 2 x 10°% cm? st as an estimate for the coefficient of
diffusion of copper. This value can be compared with the
diffusion coefficient of Cu(l) in asimilar compound, cop-
per sulphide. According to Etienne®®, the diffusion coeffi-
cient of Cu(l) in chalcocite is Deyqy = 8.1 x 1073 5870,
andindigetiteis Dcygy = 3.6 x 102 6199 where T isthe
thermodynamic temperature. At room temperature (300 K)
thevaluesarerespectively 2.6 x 10 and 5.3x 101 cm?/s.
On the basis of these calculations, Cu(l) may have amobi-
lity four to eight times greater in copper selenide than in
copper sulphide.

Sincethereisin other models no other equivalent para-
meter tok, itisdifficult to compareitsvalue. Theratio A%k
has dimensionslength timesmolarity (of sodium <%-2>se-
lenosulfate). Its experimental value, 1.26 x 102 cmmol Lt
reveal sthat the diffusion limitsthe growth much morethan
the rate of sublayer formation.

Finally, aremark about the magnitudeof dy and di must
bemade. Asmentioned, thevalue6 x 10 cm used for these
parametersis approximately the thickness of acopper sele-
nide monolayer. Theappropriated; and d; valuesmight be
expected to be greater if selenium could diffuse into the
film towards the metal concomitantly with Cu(l) move-
ment. Then the film would grow at the film/solution inter-
faceaswell asat thefilm/substrateinterface. However this
seems to be improbable, because selenium has practically
no mobility in copper selenide®.

Conclusion

A model for the growth of copper selenide on copper
from selenosulfate solution was presented. The model as-
sumes that the enrichment with selenium of the layer adja
cent to solution leads to formation of a sublayer of CuSe,.
Diffusion of Cu(l) from the substrate leads to film growth.
The time necessary for the growth varies according to a
polynomial function of third degree of the thickness. The
termsof superior degree areaconsequence of thediffusion
hindrance. The principal parameters that determine the
properties of the growth curve are diffusion coefficient,
rate constant, thickness of the sublayer and activity of Cu(l)
in the film. By comparing experimental and simulated
growth curves, the diffusion coefficient of Cu(l) in copper
selenidewasestimated as2 x 101° cm? s, Theprecision of
this val ue depends on knowledge of the chemical potential
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of Cu(l) in copper selenide relative to the one in metallic
copper.

Appendix

This appendix shows that the diffusion of Cu(l) (wit-
hout considering the formation of a sublayer) leads to the
parabolic law. The deduction, based on Booth'’, will be
adapted to the growth of copper selenide.

Let V bethe volume of Cu,Se (density r ) formed on a
constant surfacearea A withthicknessdat theinstant t, gro-
wing unidimensionally along the x-coordinate, from x = 0.

The mass of Cup,Seis related with these parameters accor-
ding to:

V = Ax =(rﬂ‘> e (A1)

I nserting themolar massM of copper selenideand deri-
ving with relation to t, one has:

dncu, s

dx M
AZ =M
at (r)c“zSe dt

(A2)

Stoichiometry requires that dncuzse = Y2 dncyg). In ab-
sence of an external electric field, the consumption of ions
Cu(l) isrelated to the gradient of concentration, according
to first Fick’s law®®:

dnCu(I) _ ﬂCCu(l) _
dt _DCu(I)( ﬂX )X_d (A3)

So, for an areaof 1 cm?:

dx 1 ,M 1C..
—=-() Dy ( ‘ﬂ:((l)

a2 r " %2>
Supposing that the concentration gradient is uniform,
then it can be written that:

) =d (A4)

dx _ 1M mCu(I)

o _E(r_) e Pou) vt (A5)
d 1 M K

Q X dx = E(r_) e DCLI(I) DCCU(I) th (A6)
d=At” (A7)

with A =((rM) .o DCqyy Deyy) 2, Which is the desired

demonstration.
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