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Optical band gap energy and urbach tail of CdS:Pb2+ thin films
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PbS-doped CdS nanomaterials were successfully synthetized using chemical bath. Transmittance measurements were used to estimate the
optical band gap energy. Tailing in the band gap was observed and found to obey Urbach rule. The diffraction X-ray (XRD) show that the
size of cristallites is in the-33 nm to 12 nm range. The peaks belonging to primary phase are identifi@d-a26.5° and26 = 26.00°
corresponding to CdS and PbS respectively. Thus, a shift in maximum intensity peadéfreri6.4° to 28.2° is clear indication of possible
transformation of cubic to hexagonal phase. Also peakég at 13.57°, 15.9 correspond to lead perchlorate thiourea. The effects on films
thickness and substrate doping on the band gap energy and the width on tail were investigated. Increasing doping give rise to a shift in optical
absorption edge-0.4 eV
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1. Introduction band gap energy (Eg) for as-deposited films decreases with
increasing Cd/S [4]. Most studies have examined the optical

There is great interest in materials science and engi-neeringroperties of CdS thin films, but few have studied

of semiconducting quantum dots, deposited as thin solid the relations between Eg and films thickness and the tail-

films. Such increased interest in these materials is due to thag in the E, [5]. In this work, the thickness dependence

effect of quantum confinement as a partner with decreasingf the E, and Urbach tail for Pb-doped cadmium sulfide

grain size. As the nanodimensions of semicon-ducting crys¢(CdsS:Pb) thin films prepared by CB is reported.

tals affect significantly the band structures of these materials,

therefore essentially all of their properties are influenced b;é Chemical reactions

the crystal size reduction. It is exactly this point that allows™"

to design a semiconducting material with predefined opticonsidering a general chemical bath reaction, thiourea hy-
cal and structural properties by simply controlling the CryStaldrolysis SC(NH), leads to the formation of%S and qu
size. For example, the band gap energy)(&nd structural  jons according to [6]

properties of various semicon-ducting materials can nowa-

days be tuned rather precisely by an appropriate choice of SC(NH3)2 + 30H™ < CO§‘ 4+ S L 7HT (1)
the synthetic route. In general, the thin films of semiconduct-

ing quantum dots have potential applications in solar cells|n general form for doped samples:

light-emitting diodes, batteries, etc. One of the most impor- ot o ot o
tant material parameters, which mostly determine the field [CA(NHs)4]** + S*~ + [PR(NH;3)]** < CdS:PB

of application of a given semiconductor, is itg Ealue. In + o _ _

other words, the collection of materials-basej control allows + ONH AG 139.64 K3 (@)
monitoring E, the optical and structural properties of these  According with these resulte\G°® > 0, the reaction (2)
semiconductor materials. is spontaneous.

In 1953, Urbach proposed an empirical rule for the  Preparation of polycrystalline thin films on glass sub-
optical-absorption coefficienty(w) associated with elec- strates was performed at a temperature o 20C, both un-
tronic transition from the valence to conduction band tail indoped and doped CdS films with seven different levels of
disordered solids. CdS thin films have been the best heteraoping (Vjpiz4)) Were obtained by the addition in situ of: 4,
juntion partner for CdTe which is an ideal absorber in thin-6, 8, 10, 14, 20, 25, 30 mLs in the solutions for CdS0 growth
film solar cells [1]. On the other hand, Chemical Bath (CB)respectively: CdGl (0.02 M), KOH (0.1 M), NH,NO; (1.2
is one of the low-cost and highly-efficient routes for deposit-M), SC(NH,)> (0.1 M), the doping solution Pb(GI€03),
ing CdS, PbS thin films [2,3]. It have been reported that theV p, 1)) 0.02 M. The samples were labelled as PbS0-CdS0
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FIGURE 1. Photography of CdS0-CdSPb-PbS0 thin films.
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FIGURE 2. Thickness vs. Y] CdS0-CdSPb-PbSO thin films
for the undoped and CdSPb4,...,CdSPb30 for the doped
samples.

The optical absorption studies were carried out using !0
a UV-VIS-IR spectrophometer (Cary-5000). The thickness
was determined by utilizing a Veeco (Bruker), DEKTAK 150
profilometer Stylus of 12m. Crystalline structure character- FIGURE 4. Band gap energy of the CdS0-CdSPb-PbS0 films. Inset
ization X-ray diffraction (XRD) patterns were registered in a show @hv)? vs photon energy.
D8 Discover diffractometer, using the CwHine.

V [Pb*] (mLs)

As the Fig. 3 shows, the T of the films for wavelength values

smaller than the cut-off wavelength-$10 nm) is a function
3. Results and discussion of film thickness; that the T decreases as function of thick-

ness and doping. The observations are in agreement with Sa-
Figure 1 shows the photography of CdS0-CdS:Pb-PbSO0. Fighay et al. [8]. As T decreases; however more decrement is
ure 2 shows the thicknesses vs.py/;) of CdSO-CdS:Pb-  gbserved in the CdSPb20 and CdSPb30 samples. It is usually
PbSO0 thin films. Measurements of thickness de-crease gfresumed that the T of the films decreases with grain size in
~625-325 nm range for CdSPb4 to CdSPb10 as total thickthe visible region of spectrum due to light scattering on their
ness of the films growth. rough surfaces. From the T spectra we have calculated the

Figure 3 shows the optical transmittance (T) vs. wave-, of the CdSPb thin films. The absorption coefficierand

length for CdSO-CdS:Pb-PbS0O samples. The T spectrghe incident photon energyy are related by the following
showed less transparency with CdSO0 film. This may be atequation [9]
tributed to more scattering of photons by the introduction of n
dopant as foreign P ions, which may reduce T. This de- ahy = (B; — hv) ®)
crease in T with doping is expected, because doping increases The usual method of determining, &s to plot a graph
the number of the charge carriers which increases the absorfrhr)? vs. hv and then looking for that value of which
tion in the film, and decreases the transmission of light [7]. gives best linear graph in the band edge region [9,10].
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The inset in Fig. 4 showsaiv)? vs. hv of the CdSO-

CdS:Pb-PbSO0 thin films. It can be seen that there is a dif- '*"7 < " : 5353
ference in slope between CdSPb4 and CdSPb30 samples i - e (CdS:Ph

the of 320-450 nm. wavelength range. This anomaly could %1
be due to the difference in sample thickness whichw280-
600 nm [11]. Atany value of Pb concentration the optical E =~ & 80 s :
this can be attributed to improvement of crystal-linity [12]. ié/ B o e
Also, during the doping, at the surface and atthe grain bound- =604 1  ~

i/
s CASPR3I0 | g

aries the process would create traps within the band gap tha B fatn

may cause formations of the states near the band edge an 44 | “_>

so lead to a E shrinkage. The blue shift is also indica- " / ‘
tive of size quantization in PbS0-CdS:Pb na-noparticles. It 5 | : . -

is observed that Eg decreased within increase in doping, the
reason for this fact may be attributed the decrease in thick- . . . .
ness [13]. This means extending tail states within thehat 200 300 400 500 600 700
leads to the Eg narrowing. The,Bs. Vjpp,) values of

the CdSPb are showed in Fig. 4, such values are in 2.1-2.4
eV range. As the doping content in-creases, the donor levels _ )
become degenerated and merge with the conduction band §f¢URE 5- Relation between Eand the thickness for CdSO-
CdS0, causing the conduction band to extend into the forbid- dSPb-PbS.

den region which reduces the, 14]. However, for PbSO0, _ _ o )
E, = 1.94 eV and E = 3.14 eV are related to the EO and _ The relation between Ee anq the thickness is _d|splay9d in
E1 transitions respectively [16]. These data and the literaFig- 5, where a decrease of width of Urbach tail with film
ture values are used for modeling of the optical constants dflickness can be observed. The relation with thickness of
PbS over 0.3-5.5 eV photon energy range, including the gfilms is not apparent _because the values of film thlckne_ss are
= 0.4 eV region. Calculated spectra of E 2.0 eV (hv)? close to each other in efach case. The decreases Wlth film
vs. hv are in satisfactory agreement with the experiment ovefhickness are due to an increase of order, because as it was
the entire range of photon energies. In the low photon energi€ntioned earlier, the crystalllzatllon is bett(_erwnh film thick-
range it is as-sumed that the spectral dependence of absoffSs- These results support our interpretation of the decrease

tion edge follows the empirical Urbach rule given by [15] ~ ©f E, with doping as m_entioneq befqre,_ sin_ce the decrease of
E. with doping and thickness is an indication of the smaller
a(v) = ag exp (E)

(4)  density of localized states. But the films thickness in their
work is also varying so, in our opinion, this decrease in E
Whereqy is a constantE, denotes an energy which is is not only related to the doping but also to film thickness.
con-stant or weakly dependent on temperature and is ofteBo the E value in the case of no tailing decreases with the
interpreted as the width of the tail of localized states in theincrease of doping, in accordance with the known situation
E,. A plot of In(a) against the photon energy is shown in of semiconductors. This result supports our aforementioned
the inset in Fig 5. It was found that the optical absorptionexplication of the decrease of, Bvith the doping that is the
edge shifted to higher wavelengths as the films thickness andoping results in films with more order and smaller density
electrical resistivity diminishes for thicker films [16]. This of localized states. Belgiet al. [5] obtained E values in the
was attributed to an increase of crystalline size, the degree d22-175 eV range for ultrasonically sprayed CdS films. This
preferred orientation, internal microstrain and stoichiometrylinear relation between fand width of Urbach tail is similar
on the film [17]. The width of Urbach tail (B was obtained to the results reported by Melsheimatral. [18] and Shadia
from the fit and the results were inserted in Table I. etal [7].

t (nm)

hv

Figure 6 shows the XRD diffraction patterns for CdSO0-
CdS:Pb-PbS0 samples. CdS exists in two crystalline mod-
ifications: the Wurtzite (WZ) [19] and zinc blende (ZB)
phase [20]. As can be seen, the obtained diffraction pattern

TABLE |. Estimated values of band gap energy and width of Ur-
bach tail with the corresponding values of film thickness for CdSO0-
CdSPbS-PbSO0.

Sample thickness (nm) oE E. (meV) for CdSO sample shows a predominant peakéat= 26.5°
Cdso 578 2.43 112.2 which can be assigned to (111) plane of ZB CdS phase.
CdSPb4 444 244 80.9 Moreover, the intensity of peak & = 28.2° is due to
CdSPb14 563 206 558 diffraction from th(_e (101) plane Wz ph_ase whereas the peak
at26 = 26.4° position can be co-occupied by the (111) plane
CdSPb25 584 2.09 246 of ZB phase as well as the (002) plane WZ. However, the
CdSPb30 613 2.05 29.5 maximum peak intensity for both phases are differéet,
PbSO 209 2.2 119.6
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the stage of the film growth, although the formation of films

fé’(}’sg g g s from the bath in absence of acetic is also observed [19]. Itis
Sb(NH, CISINHY)5(CI0 )2 || f‘ = s - found in this study that the reaction leads to the formation of
* Cd(OK) - |'Ik =8 peo nanocrystalline PbSO0 films together with a slight decrease in
FPPOUIVRSSCRRNET WS PROWRP { Ve ar I

the size of crystallites. These peaks do no match exactly with
the reported plane spacing for ZB and W phases; it can be ex-
plained by the broadening of the peaks of CdSPb25 and Cd-
SPb30, which can be due to small size of the crystals and by
presence of strains that poses multiple facet diffraction peaks.
This is the result of multidirectional growth of the synthetized
nanocrystals. The peaks belonging to primary phase are iden-
tified at the20 = 26.5° and26 = 26.00° corresponding to
CdS0 and PbSO0 respectively. Thus, a shift in maximum in-
tensity peak fron20 = 28.2° to 26.4 is clear indication of
possible transformation of ZB phase to W phase. Since the
: . : T : . . T : peaks related to W phase are present in all the films, the XRD
10 20 30 40 0 60 data have been refined for W lattice [JCDD # 8000006]. The
values of electronegativity for Pb (2.33) and Cd (1.69), which
FIGURE 6. XRD diffraction patterns for CdS0-CdS:Pb-PbS0 films. are not favourable to form a solid solution [22]. In CdSPb25
film, peaks indicated angular positions2# = 13.57° and
15.9 corresponding to [Pb(NHS)C(NH,)2)2](ClO5)s, i.e.,
ZB maximizes at20 = 26.4° corresponding to the (111) lead perchlo-rate thiourea, according to standard (JDDC 053-
plane, whereas WZ phase has its maximum intensity peak d447). In the alkaline medium of CB, the atom-atom growth
20 = 28.2°, corresponding to the (101) plane. However, for- of CdS is supposed to proceed by decomposition of adsorbed
mation of the WZ phase is likely, at least to large extent, bethiourea-hidroxo-cadmium complex as expressed by [23]
cause the characteristic diffraction peak from the (002) planes
of the structure were completely absent when the CdSO film
was deposited. The shift in the diffraction angles is due to
the incorporation of P ion at the sublattices sites of &€d
The diffraction peakS of CdSPb4-CdSPb10 Samples and their In our Opinion’ this result indirect'y proves the mecha-

relative intensity were affected by changing theg, . Itis  nism proposed by Ortega-Borges and Lincot [24]. In this
reported in the literature that at room temperature the probanechanism the ratedetermining step is the metastable com-
bility that CdS dissolves in the PbS lattice is very low [21]. plex decomposition for which activation energy values are
In this case of extremely small particles, where the contribug|gse to those calculated and that can be expected. On the
tion of surface free energy is very important, some deviationgasis of the above CdSO precipitation mechanism, the high
cannot be excluded. In the CdSO and CdSPbh4 samples,\plpm] can be assure that is not leading to the CdSO0 large
cadmium hydroxide [Cd(OH] film is clearly seen to have c|yster, causing instead a non-uniform thin film in CdS:Pb
deposited. The formation of Cd(Okipreceding a CdS de- growth. Because the more metastable complex can acquire
position can be explained by the fact that cadmium ions ar@nough activation energy to decompose and to precipitate, the
labile in aqueOUS media and equilibria are rapldly Stabilizeq:rysta”ine CdSO film iS due to h|gh[M’2+] It Shou|d be no-
in solution [21]. ticed that CdSPb is not only formed, but also Gind CIQ;

The concentration of sulfide ions is limited by the ions are generated in the system; the coproduced GI®
thiourea decomposition and the decomposition of the wealkon is thus oxidized by the reduction. In thisp\e4), a CI
acid HS, k, = 9.1 x 107®. The activation energy for the ion is oxidized by the N@ in the system affording CIQ,
films growth has been found as 56.7 kJ, it is close to theaccording to:
value for the hydrolysis of thiourea, which was used as sul-
fur source in CB. It was therefore supposed that the rates of
both the films growth and precipitation are limited by that
of the hydrolysis of thiourea in the alkaline medium. These
diffraction peaks become sharper for CdSPb4, CdSPb6 an@bS0 sample diffractogram display peaks located at the fol-
CdSPbl14. From XRD patterns it can be assured that the Hbwing angular positions:20 = 26.00°, 30.07, 43.10,
lead to PbS according to the peak locate BOCdSPb14to 51.00, 53.48. They are related to the (111), (200), (220),
CdSPb30 samples. However, CdSPb6 sample shows a pe¢l1), (222) reflection planes for the ZB phase of the PbSO0 re-
at~ 26.5° indicating a preferred orientation. The XRD study spectively. All the diffraction peaks for PbSO0 can be perfectly
displays that the formation of the CdS:Pb occurs in the earlynatched to the reference patterns (JCPDS 05-0592) display-
stage, following by the formation of PbS0 nanocrystallites ining the ZB crystalline phase.

[Cd(OH),SC(NH3)2]ags < CdS+ CO:~ 4+ 60H™  (5)

3H,0 + CI~ + NOj < CIO; + NHf +20H™  (6)
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4, Conclusions sorption coefficient against the photon energy it was found
) . ] N that the tailing follows Urbach rule. The width of the tail was

The E, was estimated by assuming a direct transition angstimated and found to decrease with thickness of films and
it was found to be slightly increasing with thickness of films goping due to an increase of order. A linear relationship was

and doping. The absorption coefficient was deduced from thgyng petween the band gap energy and the width of Urbach
transmittance measurements and tailing in low energy sidg;|.

was observed. From the plot of natural logarithm of the ab-

. M.A. Islam, Yusuf Salaiman, Nowshad Amighalcogenide

Letters8 (2011) 65-75.

. R.Lozada Morales, O. Portillo Moreno, S. A. Tomas, O. Zelayay 4

Angel, Optical Materials35 (2013) 1023-1028.

13.

M.A. Barote, A.A. Yadav, L.P. Deshmukh, E. U. Masumdar,
of Non-Oxide Glassez(2010) 151-165.

Hani Khallaf, Guangyu Chai, Oleg Lupan Lee Chow, S. Park,
A. Schulte J. Phys. D: Appl. Phy41(2008) 185304.

3. R. Palomino Merino, O. Portillo Moreno, L. A. Chaltel . . )
Lima, R. Gutierrez Perez, M. De Icaza Herrera, and V. 15. I—ilggegul;ggfréaogalwa and Sadao Adachli, Appl. Phys.83
Cast#&o, Nanocrystalline thin films. Journal of Nanomaterials ( ) . :
http//dx.doi.org/10.115/2013/507647 16. A. Cortes, H. ®@mez, R.E. Marotti, G. Riveros, E.A. Dalchiele,
4. S. Mahanty, D. Basak, F. Rueda, M.dreJ. Electron. Materi- Solar Energy Materials & Solar CelB2 (2004) 21-34.
als 28 (1999) 559-564. 17. J. Pantoja Eriquez, X. MathewSolar Energy Mat. & Solar
5. V. Bilgin, S. Kose, F. Atay, and I. Akuaviater Chem. Phy24 cell. 76 (2003) 313-322
(2005) 103-308. . . . -
. . . 18. J. Melsheimer, D. Zieglefhin Solid Films129(1895) 35-37.
6. O. Portillo Morencet al., Properties of PbS:Ni2+ Nanocrystals
in thin films by chemical bath depositit®RN Nanotechnology ~ 19. Koichi Yamaguchi, Tsukasa Yoshida, Takashi Sugiura, Hideki
http://dx.doi.org/10.1155/2013/507647. Minourea,J. Phys. ChenB10(1998) 9677-9686.
7. Shadia Jamil Ikhmayies, Riyand N. Ahmad-Bitar,of Mater 20, J.A. Davila Pintleet al., J. of Appl. Phys101(2007) 013712-1,
Res. Technd? (2013) 221-227. 013712-5.
8. P.P. Sahay, R K. Nath, S. TewaBiyst. Res. Technol2(2007) 21. M. Kamruzzaman, R. Dutta, J. Podde6emiconductorgl6

10.

11.

12.

275-280.

. O. Portillo Morenoet al., J. of Electrochem. Sod.53 (2006)

926-930.

Sonal Singhal, Amit Kumar Chawla, Hari Om Gupta, Ramesh
ChandraNanoscale Res. Le.(2010) 323-331.

K. Subba Ramaiah, R.D. Pilkington, A.E. Hill, R.D. Tomlin-
son, A.K. Bhatnagaiylat. Chem. and Phy$38(2001) 22-30.

A. Abdolahzaden Ziabari, F.E. Ghod3i,of Luminescenc&41
(2013) 121-129.

23.

24.

(2012) 957-961.

22. J.A. Lange’Handbook of ChemistryMcGraw-Hill Book Co.,

Beijing, 1999).

M. Froment and D. LincotPhase for-mation process in the
solution at atomic level: Metal chalcogenide semiconductor
Electrochemi-ca Actd0 (1995) 1293-1303.

R. Ortega-Borges, D. Lincofl. Electrochem. Sod.40 (1993)
3464.

Rev. Mex. Fis62(2016) 124-128



