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Abstract

The mechanisms related to the initial stages of the nucleation and growth of cadmium telluride (CdTe) thin films on the rough face side
of a (100) monocrystalline n-type silicon have been studied as a function of different potential steps that varied from an initial value of
—0.200V to values comprised betweef.515 and-0.600 V versus saturated calomel electrode (SCE). The analysis of the corresponding
potentiostatig/t transients suggests that the main phenomena involved at short times is the formation of a Te—Cd bi-layer (BL). For potentials
below—0.540V, the formation of this bi-layer can be considered independent of potential. At greater times, the mechanisms is controlled by
two process: (i) progressive nucleation three dimensional charge transfer controlled growth P&haMi)) progressive nucleation three
dimensional diffusion controlled growth (PN-3), both giving account for the formation of conical and hemispherical nuclei, respectively.

Ex situ AFM images of the surface seem to support these assumptions.

Keywords: Electrodeposition; Cadmium telluride; Monocrystalline silicone substrate; Rough face; Nucleation and growth mechanism

1. Introduction materials are generating great interest because their proper-
ties are well suited for the fabrication of nuclear radiation
Chalcogenide cadmium telluride (CdTe), is recognized as detectors operating at room temperat{6g On the other
a highly versatile [I-VI narrow bandgap binary compound hand, silicon is appealing as a substrate material because of
semiconductortg = 1.45 eV)[1], from which one can expect  its transparency to infrared radiation out to wavelengths be-
a high solar energy conversion efficiency. This compound is yond 14um and because large-area wafers of the highest
the only binary 1I-VI material which can be in both n- and p- structural perfection are readily available commercially at
conductivity typeg2]. Furthermore, the direct optical transi- a minimal cost. In addition, Si integrated circuit processing
tion results in alarge absorption coefficient that makes the usetechnologies are well developed and can be combined read-
of thin film solar cells possible. Its applications range from ily with selected area Hgd;_xTe/CdTe/Si heteroepitaxy to
solar cells to gamma-ray and infrared detec{8isIn addi- form the monolithic infrared detecting syste{3s4, 7]
tion, its close lattice match and chemical compatibility with The growth of CdTe on silicon is driven mainly by infrared
HgCdTe make CdTe an ideal substrate for growth of this vari- applications. CdTe/Si is how being used for the fabrication of
able band-gap infrared detector matefgb]. Lately, these megapixel HgCdTe hybrid infrared focal plane arrays (IRF-
PAs)[4], which will find very large applications in military,
space and medical imaging areas for infrared imaging and
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Various growth techniques, such as molecular-beam epi-ing electrode for cathodic reactions in dark conditions. The
taxy (MBE) [7-9], metalorganic chemical vapor deposition waferwas cutinsmall 1 cmm 1 cm squares that were first de-
(MOCVD) [10,11], UHV sublimation[12], metalorganicva-  greased in boiling isopropanol, and then rinsed with a 0.5:1:4
por phase epitaxy (MOVPE) 3] and hot wall epitaxy14,15] HCI:H202:H,0 mixture heated up to 8@, in order to re-
have been used to grow CdTe films onto silicon substrates.move any trace of heavy metals. Afterwards, the oxide film
Notwithstanding, low-temperature, in situ fabrication of crys- was removed by etching with a 2 M HF acid (pH 4.5) solution
talline thin films, is essential in order to improve their quality, and thoroughly rinsed with ultra pure water. The ohmic con-
lower production costs, and make the whole process environ-tact was made through the application of a Ga—In eutectic in
mentally friendly. Electrodeposition is a well adapted alter- the polished face of the samples that were mounted in a cop-
native technique that has been successfully used for thin filmper support. The edges of the silicon squares and the copper
preparation. However, electrodeposition onto Si is very dif- were isolated with an adhesive Teflon tape, leaving a defined
ficult and hard, the quality of the Si substrate surface greatly exposed area of 0.30 &tfacing the solution. Before running
influences the quality of the subsequent layers. For instance the electrochemical experiments the electrode surface was
the native oxide formation leads to passivity problems. Metic- again etched for 15 min with the 2 M HF solution (after this
ulous care has to be taken in preparing the Si surface priorprocedure an atomically smooth and predominantly hydro-
to electrodeposition in order to avoid adventitious surface gen terminated surface, H-terminated n-Si(1 0 0), would be
oxide formations as well as to eliminate the spontaneous de-obtained[23,24)). The electrolytic solutions were prepared
position of tellurium on the Si surface. The difficulty of ob- from analytical grade reagents with the following composi-
taining CdTe thin films of good quality by electrodeposition tions: 1 mM TeQ + 0.5M CdSQ + 0.5M H,SO; + 0.5M
onto Si, appears to be an important challenge. Sugimoto andNH4F (pH = 0.29 at 20C as room temperature).

Peter[16,17], and Berlouis groug18,19], investigated the Electrochemical experiments were conducted in darkness
CdTe electrodeposition onto flat silicon single crystals. More at 85°C to obtain a good crystalline structure of the deposits
recently, Takahashi et gl20], presented results on epitax- [18,19,25] Prior to the experiment the electrolytic solutions
ial grown of CdTe films by electrodeposition onto Si(111), were de-aerated by purging with 5N nitrogen. To keep the cell
assisted by pulsed-light (from a xenon lamp). atmosphere free of oxygen during the measurement nitrogen

Formation of a homogeneous film can be reached with an was passed over the electrolyte. A platinum wire served as the
ideally energetically uniform surface, condition that in prac- counter-electrode, and a saturated calomel electrode (SCE)
tice is unreachable. An alternative approach can be exploredwas used as the reference (all the potentials in this work will
consisting in using a substrate with a very high density of be referred to this SCE). To minimize the formation of a
surface non-uniformitief21]. This approach will lead to a  Te layer, at the point of immersing the working electrode
macroscopic equalization of injection conditions for elec- into solution, the potential was set-a0.200V employing a
trons all along the surface, resulting in a uniform deposit platinum probe.
growing[21]. The rear side of one side polished silicon wafer The electrochemical measurements were done using
(the rough face side of the silicon wafer) contains this type of model IM6e BAS—-ZAHNER impedance measurement unity,
in-homogeneities. Results on the electrodeposition of CdTeand electrodepositions were carried out using model
thin films onto the rough face side of a n-type silicon (100) 263A EG&G Princeton Applied Research potentiostat. The
wafer, have been recently reported by our gr2@]. The AFM images were obtained with a Digital Instrument
electrodeposits formed on this substrate shown a good adher{NANOSCOPE IlIA Series) using the contact mode at a scan
ence as well as a (Cd/Te) atomic ratio very close to one. How- rate of 0.0ums™1.
ever, the formation of a continuous and a good quality thin ~ The data analysis was performed using a commercial soft-
film requires a detailed understanding of the nucleation and ware package (ORIGIN from MicroCal Software Inc.). The
growth mechanisms. To our knowledge, only the work of Pe- non-linear least square procedure fitting for the simulation of
ter etal. about nucleation and growth of the electrodeposition thej/t transients was based on the Levenberg—Marquardt al-
of CdTe onto n-Si with different surface orientations ((100), gorithm.

(111) and (110)), can be found in the literat(it€,17] In

current work, results of the study on nucleation and growth

mechanisms of the electrodeposition of CdTe onto the rough 3  Resuits and discussion
face of a n-Si(1 00) are presented.

3.1. Voltammetric study

2. Experimental In order to understand the CdTe nucleation and growth
mechanism on silicon, is important to know the electrochem-

Nucleation and growth mechanism studies were per- ical response of the rear side of the one sided polished n-
formed on the rough face side of a (100) monocrystalline Si(1 0 0)wafer, whichisthe substrate studied in present work.
n-type silicon (1.0-5.% cm. P-doped, Int. Wafer Service, In the following the rough face refers to the rear side of one
CA, USA), which was chosen because it gives a nonblock- side polished wafer whose cyclic voltammetric response in
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Fig. 1. Cyclic voltammogram of an-Si(1 0 0) electrode (rough side),in0.5M
CdSQ, + 1 mM TeQ, + 0.5 M H, SOy + 0.5 M NH4F. Scan rate: 10 mvV'g,
Temperature: 85C. The arrows denote the direction of the potential scan.

a electrodeposition bath containing Cd and Te precursors in
the presence of 0.5 M NHF at a temperature of 8% is de-
picted inFig. 1 The small cathodic shoulder (1c)a0.325V

can be associated to HTeOreduction to tellurium through

a four electron process:

b
HTeQ" + 3H" + 46~ « Te” + 2H,0 (1) £

. e . 0 Fig. 2. AFM images of (a) rough side of n-Si(100) and (b) CdTe film de-
with an equ'l'br'_um potentlaIUeq =+0.278V versus SCE. posited aEy = —0.545 V vs. SCE on silicon substratg,= —0.319 C cnm2.
In agreement with Kiiger theoryf26], the broad current peak
at—0.380V (2c) is related to the electrodeposition of CdTe 1 is worth noting that in the potential interval between

through a two-electron process, —0.380 and-0.500 V, the deposition of CdTe may be accom-
+ 0 _ panied by the formation of a Te excess. On the other hand, in
Cd*" +Te"+2¢” « CdTe (2) the potential interval where the metallic cadmium electrode-

Extending the scan towards more negative potential a smallPOSition takes place~0.500 to—0.580V), stoichiometric
shoulder (1c) is observed at ca-0.500 V which is probably QdTe deposition should be expected. In fact,'ene'rgy dlsper—
related to the reduction of Te to file [27]. This process is  SIVe X-ray spectroscopy analysis showed that in this potential
followed by a current decay until a potential 60.600V range C(_jTe thin films with Cd/Te atomic ratios close to one
is reached. Beyond-0.600V, the cathodic current (3c) that are obtaineds].

increases almost linearly with potential may be associated to

the deposition of metallic Cd which is present in a substan- 3.2. Morphological study

tial concentration in the bath. The small peak (3a) observed

during the anodic scan indicates that only a fraction of the  Morphological characterization of both, silicon rough sur-
electrodeposited Cd is stripped at this potential interval and face and electrodeposited CdTe thin film, were done by AFM
most of cadmium stripping is associated to the wide shoul- analysis.Fig. 2a shows the as received surface structure of
der denominated as’(9. This is probably due to the fact the rough face of a n-Si(1 0 0) where the presence of inverted
that as the metal is in direct contact with the CdTe semicon- pyramids can be observed. These pyramidal texturing can be
ductor film, a higher overpotential is needed to produce the attributed to the combination of anisotropic etching of the
re-oxidation. Further, the anodic stripping of CdTe is not ob- silicon surface, and to hydrogen bubbles evolved during the
served in this potential range, probably due to the presence ofetching reactiofi29]. According toTable 1 there is not a sig-

a Schottky barrier at the n-Si(1 0 0) surface. The fact that the nificant difference between the roughness coefficient in both
current remains cathodic indicates a lower electrodeposition sides of the Si wafer but, due to the presence of the pyramids,
over-voltage on an already coated surface. the RMS values are remarkable different. Accordingly, the
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Table 1 3.3. Nucleation and growth mechanism analysis
Roughness coefficient obtained by roughness analysis in AFM images for
both n-Si(1 0 0) wafer sides and CdTe as electrodeposit on rough silicon

The comparison between th# transient responses for

Material Geometric - Surface | Rouf?h,”efs RMS (nm) the formation of a CdTe film shows remarkable differences
_ areafum’) areafun) coefficien in the nucleation and growth mechanism for both sides of a

;'at _hSI S 11%%%% 11%%%% 11-%%%% ig'&g n-Si(1 0 0) waferig. 3a). Whereas on the flat side the current
ough — Si ) i ) . L . i
Rough — Si/CdTe  100.00 112.36 11236 & undergoes an exponential decay with time, the rough side ex

hibits a well developed process associated to the nucleation
of a phase at the electrode surface. The increase in the nucle-
real surface area in rough silicon substrate is not extremelyation kinetics of the rough face can be related to the presence
different to the calculated geometric ar€édg. 2o shows an of terraces that supply a significative number of edges that
AFMimage of an as-grown electrodeposited CdTe film.d energetically favors the adsorption and further reduction of
thicknessFEgep= —0.575 V), onto this rough silicon surface. the redox species that are present at the interface. In fact,
The film presents a smooth aspect, with a cauliflower mi- studies conducted for other authft6—19]demonstrate that
crostructure. Moreover, inside of this surface some conical the growth of a thick CdTe layer on a flat n-Si(1 0 0) surface
nucleus can be seen. is not possible due to the poor adherence of the film. Instead,
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Fig. 3. (a) Comparison between tybtransient obtained &y = —0.545V vs. SCE on rough {- -) and flat (—)n-Si(1 00). (b) Experimentalt transients
recorded on a n-Si(100) rough face using 0.5M CdSA mM TeQ, + 0.5M H,SOy + 0.5M NH4F as deposition bath, (¢t transient fitting forEq =
—0.545V vs. SCE. All the simulation values are showiTale 2
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Table 2

Fitting parameter values for CdJ# transients and nucleation and growth mechanisms proposed
EaVvs.  N.G.M.: Cottrell + (IN-2D)c + (PN-3dD}srr + (PN-3D)c; equationi[A] = Tk + Pat x exp 3 + 251 - exp75%] + Pg[1 — exp 7]
SCE

P = MF?ll//zzfcx Py = 2mEMAN'KE J Py = aanll//zz‘Coc Ps=A'nKD P = Pr= ”Mzgiﬁsm
(As!?) (As™h (573 (As2) (s?) an Fig (A) (s3)
—0.515 1.960x 107 4.09%x 1078 0.00582 %670x 1073 3.0x 10°° 5.752x 10°° 2.0x 10°°
—0.530 1.550x 104 1.342x 107 0.00407 10657 x 1073 1.0x 1075 2.450x 104 3.0x 10°°
—0.545 2.210¢ 104 5.231x 10°° 0.00739 1053 x 1073 40x 10°° 2.204x 104 4.0x 10°°
—0.560 1.474x 1074 7.550x 10°° 0.00720 9981 x 1073 1.0x 1075 3.411x 10* 2.0x 103
—0.575 1.825< 104 6.919x 10°° 0.00572 6405 x 1073 2.0x 10°° 3.711x 104 2.0x 10°°

Eq: Potential step value\°: number of active sites under the experimental conditions @mA: bi-dimensional nucleation rate constant (¢s™1); k:
bi-dimensional incorporation constant rate (mol@s—1); h: height of bi-dimensional nuclei (cmjt. electron numberE: Faraday constant (A s mof);

a: electrode area (cf; M: molar mass (g molt); p: density (g cm3); C®: concentrations in bulk solution (mol cr); D: diffusion coefficient (crAs™1);
K'3: horizontal incorporation constant rate (molchs1); ks: perpendicular incorporation constant rate (motérs1); As: three dimensional constant rate
(cm?s~1). With K = 4/3(87C>®°M/p)Y?, A’ = AN°.

our results show that the imperfections that are present on the 0.5 ; .
rough side allow to successfully grow an adherent and thick
CdTe film. - ¢
To study the nucleation and growth mechanism of CdTe
on the unpolished side of the (1 0 0) silicon wafer a seét/of
perturbation programs (including different potential steps),
were employedFig. 3b shows the respectivié transients
recorded between an initial potential 0.200V and a fi-
nal value varying from-0.515 to—0.600 V. After the initial
double layer charging, they firstly exhibit an induction time
of about 1-2.5 s followed by a current increase associated to
the solid phase formation. The further evolution depends on
the final applied potential. An almost linear current increase
is observed for the more positive values but, frei®.530 V
two new contributions appear: one in the interval between 5 »
to 20 s and the other after 20 s. i P
At —0.600 V there are other current contributions that are
probably related to the deposition of a cadmium excess. The P
fitting of the curves was made employing the general equa- 00 . —
tion presented iffable 2for the transients recorded between 0 20 40
—0.515 and-0.560V (i.e.—0.545V,Fig. 3c). This general t/s
equation has been constructed considering the addition of
the currents contributions and the theoretical nucleation andFig. 4. Evolution of (IN-2D) current contributions at different electrodepo-
growth mechanisms (NGM) that have been reported in the lit- sition potential Ey). The inset shows the charge associate to each potential
eraturg30,31] The parameters P1-P7 used injihgansient
fitting are described ifiable 2and the meaning of each termis
indicated in the same table. The following deconvoluted con- ygre negative values. In fact,Bf = —0.515 Vtmaxis located
tributions were obtained: at very short interval times appears gt 9 2 s put at-0.530 V, instead of finding a loweay this
first the double layer charging, followed by a Cottrell type g higher (10.8s) than expected. A possible explanation of
current decay related to the multielectronic electroreduction this pehavior can be associated to the fact that at more nega-
of HeTQ," ions to tellurium. The corresponding calculated  tive potentials starts the simultaneous deposition of tellurium
diffusion coefficient considering the real area of the rough gnd cadmium a process which should present a coalescence
silicon electrode gives a value Bfre = 1.07x 10> cnP s~ time different than that of tellurium alone. A& is made
(close to that previously reported by Mori and Rajeshi@8t more negativefq > —0.560 V) the 2D process is now asso-
(1.14x 10-°cn?s™1). The last contribution corresponds to  ciated to a Cd—Te bi-layer (BL), with its own time constant,
the starting of the nucleation and growth processes which is gng thetmax decreases as expected. Bf = —0.575 V, tmax
initially related to the 2D Te nuclei formation. It is worth again increases a fact that can be explained assuming that at
noting that themax values of this 2D contribution do notfol-  this potential value the Cd and Te ad-atoms that are form-
low the typical behavior expected whEgis moved towards  jng at the electrode surface are distributed between the three
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Scheme 1.

contributions involved in the overall nucleation and growth rough silicon surface, contributing to the formation of 3D nu-
process hindering thus the 2D contribution. Moreover, the cleus and to a rough morphology. This is probably the reason
details of the evolution of the bi-dimensional current contri- for the decrease of the diffusion coefficient obtained from the
butions at different potential steps are depicte#im 4. As fitting in this time interval Dte = 3.5 x 10~/ cn? s 1). The

can be seen in the inset, the charge associated to this processx situ AFM images of the electrode surface seem to support
tends towards a value close to 6-7 mC@&nConsidering the preceding interpretation of CdTe growth on the rough face
a roughness factor of 1.0266 (séable 1), and taking into of the n-Si wafer (se€ig. 2v). As it is seen, most of the nu-
account that the charges involved in the growth of Te and cleus are small and present cauliflower type morphology, but
Cd monolayers are 1.0 and 0.5 mCthrespectively, it can some of them form overhanging isolated conic nucleus, both
be appreciated that for potential values more cathodic thanaccounting for the observed current/time contributions. The
—0.540YV, the situation of one Cd monolayer grown onto a observed phenomenology can be summarize8dheme 1
previously one of deposited Te is reached. This constituteswhich accounts for the overall CdTe nucleation and growth
what we will label the first bi-layer. After that, the decrease of process on rough n-type silicon surface.

the precursor concentration in the interface (gradient concen-

tration), and the increase of the charge transfer resistance due

to the BL formation, leads to a new situation in the interface, 4. Conclusions

which is very different from what has just been described.

At times greater than 20 s prevail the contributions cor-  Thej/t transient responses for the formation of a CdTe film
responding to the progressive nucleation three dimensionalshow remarkable differences in the nucleation and growth
charge transfer controlled growth of conical nucleus (PN- mechanism for both sides of a n-Si(1 0 0) wafer. On the flat
3D)ct, (seeFig. 3b). These are originated from the reaction side the current only presents an exponential decay with time
between the cadmium ions with the tellurium islands previ- but on the rough side a well developed process associated to
ously deposited to form CdTe. On the other hand, the progres-the nucleation of a phase at the electrode surface is observed.
sive nucleation three dimensional diffusion controlled growth The increase in the nucleation kinetics of the rough face is
(PN-3D)irr generates hemispherical nucleus. This diffusion attributed to the presence of terraces that supply a significant
process found in this time interval would be related to the number of edges that energetically favors the adsorption and
existence of a tellurium concentration gradient at the surface, further reduction of the redox species that are present at the
produced by the depletion of this electroactive species at theinterface.
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The analysis of the potentiostalfjit transients suggests  [7] M.S. Han, T.W. Kang, J.H. Leem, M.H. Lee, K.J. Kim, T.W. Kim,
that the main phenomena involved in the initial stages of the  J- Appl. Phys. 82 (1997) 6012. _ _
nucleation and growth of the CdTe onto the rough face of a [81 S- Ruiirawat, Y. Xin, N.D. Browning, S. Sivananthan, D.J. Smith,

n-Si(1 0 0) wafer is the formation of a Te—Cd bi-layer. For po- géfs'_Y' Tsen, Y.P. Chen, V. Nathan, Appl. Phys. Lett. 74 (1999)
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Ex situ AFM images of the covered surface seem to support ~ (1992) 1370. o )
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