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ABSTRACT

The reaction between thin films of CdSe and aqueous
HgCl, was studied using electron diffraction (ED)
powder X-ray diffraction (XRD), and X-ray photo-
electron spectroscopy (XPS). It was found that a-
Hg;Se,Cl, is formed in the CdSe film following its re-
action with 0.01 M HgCl, for a period of 5 minutes.
Upon completion of the reaction of CdSe powder with
0.01 M HgCl,, Hg,Cl; is present in addition to a-
Hg;Se,Cl, in a molar ratio of 1:3.1. The effect of air
annealing on CdSe powder was also studied. Heating
in air to 450°C for 1 hour resulted in an XRD pattern
corresponding to the hexagonal form of CdSe.

INTRODUCTION

In previous work [1,2], changes in the electrical
properties of chemically deposited thin films of
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CdSe were studied as a function of various treat-
ments after deposition. The films were found to
change from intrinsic to n-type conductors when
they were heated in air at 450-500°C or when they
were treated with aqueous HgCl, solution and then
heated at 200°C. Analysis by means of X-ray pho-
toelectron spectroscopy (XPS) has shown that both
heated and unheated films have oxygen present in
significant amounts and that mercury and chlo-
rine are present in films treated with HgCl,. The
reaction between CdSe thin film and aqueous HgCl,
can be thought of as in part due to the direct ex-
change of cations, which may be written as

CdSe(s) + Hg**(ag) = Cd**(aq)
+ HgSe(s), AG® = —-36.9k]/mol [3]

The purpose of the present study is to examine in
detail the changes in physical appearance and
properties and in chemical composition of CdSe that
occur as a result of these treatments.

EXPERIMENTAL

Thin films of CdSe were prepared by chemical bath
deposition using N,N-dimethylselenourea, cad-
mium nitrate, sodium tartrate, and ammonium
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hydroxide, as described in a previous publication
[2], with one major change. In order to examine
these films using transmission electron micros-
copy (TEM) and selected area diffraction, the films
were deposited on plastic rather than glass sur-
faces. Three different plastics were used: polyeth-
ylene, Xerox PP2200, and 3M Write-on film (3M L.D.
No. 78-6868-1733-1). The latter two materials have
commercial application for the preparation of
overhead transparencies. In all cases, the deposi-
tion produced adherent films that had composi-
tion, as well as electrical and optical characteris-
tics, essentially the same as those deposited on glass
surfaces that were studied previously [3]. Some
cadmium selenide films were then immersed in a
solution of 0.01 M HgCl, for a period of 5 minutes
followed by thorough rinsing with distilled water.
After this film treatment, the substrates were im-
mersed in methylene chloride following which thin
films of CdSe separated cleanly from the surface
of Xerox PP2200. (The films did not separate as
cleanly from the other plastic surfaces.) These films
were transferred to copper grids (200 mesh) and
were utilized for electron diffraction (ED) and mi-
croscopic studies.

The CdSe bulk precipitate formed during the
chemical bath deposition of the films was filtered,
washed thoroughly with distilled water, and stored
in a desiccator. This powder was subjected to heat-
ing in air at various temperatures as well as to re-
action with 0.01 M HgCl, for several periods of time
in order to get further information regarding the
processes occurring in the films.

In addition to TEM and ED, XPS, and powder
X-ray diffraction (XRD) were used to investigate
the composition and structure of the films. The TEM
and ED data were obtained from the JEOL JEM-
2010 at the Texas A&M University Electron Mi-
croscopy Center operating at 200 kV with a high-
resolution polepiece. The XPS studies were carried
out on a Perkin-Elmer 5500 ESCA unit with Mg-K,,
radiation. Powder XRD data were collected using
Rigaku Denki Diffractometer and monochroma-
tized Cu-K, radiation.

RESULTS AND DISCUSSION

Reaction of Thin Film CdSe with Aqueous
HgCl,. Electron microscopic examination and ED
patterns of thin films of CdSe “as-prepared” and
following the reaction with 0.01 M HgCl, were ob-
tained. Figure 1 shows an electron micrograph of
an as-prepared CdSe thin film, and Figure 2 shows
the diffraction pattern obtained from it. The inter-
planar spacing of cubic CdSe [4(a)] at 3.51 A was
used as an internal standard in the analysis of the
diffraction data. No evidence of an additional crys-
talline phase was found, as is indicated in Figure
2a, where no reflections were observed other than
those expected for cubic CdSe.

The results of the microscopic examination of

FIGURE 1
film.

Electron micrograph of as-prepared CdSe thin

the CdSe films following treatment with aqueous
HgCl, were similar to those observed for the un-
treated films. The diffraction results, however, were
strikingly different in that distinct crystallites of a
new phase were present, as indicated in Figure 2b
by the presence of isolated diffraction reflections
lying outside the CdSe diffraction rings. In addi-
tion to the exchange of cations, chlorine is taken
up by the CdSe lattice and both Hg and Cd as well
as Se and Cl were measured by means of XPS
quantification using peak areas and the appropri-
ate atomic sensitivity factors for the involved-ele-
ments [5,6]. The charge balance in freshly depos-
ited films was tested using the XPS quantification,
and the result was that mol (Hg + Cd) = 1.08 mol
(Se + Cl/2), an agreement well within the range
of acceptable values. The relative numerical values
for the uppermost layer of deposited film were as
follows: Hg (24.1), Cd (1.3), Se (20.6), Cl (5.7), and
O (1.5). The value of mol (Hg + Cd) = 1.02 mol (Se
+ O + Cl/2) was also obtained.

Extensive electron microscopic examination
was carried out on a film that had been treated
with HgCl,, and the presence of well-defined in-
dividual small crystals embedded in CdSe was es-
tablished. Figure 3 shows a selected area ED pat-
tern of the CdSe film following immersion for 5
minutes in 0.01 M HgCl, solution, obtained by
translating the grid in diffraction mode and re-
cording on a standard video cassette tape. Seven
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FIGURE 2 Electron diffraction pattern obtained from (a) as-prepared CdSe thin film and (b) CdSe after immersion for 5

minutes in 0.01 M aqueous HgCl,.

of the most promising of these single-crystal pat-
terns were selected and measured with their d
spacings, calculated using the cubic CdSe reflec-
tion at 3.51 A as an internal standard. Attempts
were made at first to interpret the ED patterns {7]
based upon known crystalline compounds contain-
ing Hg, Cl, and O [8], and agreement was obtained
with the monoclinic form of Hg,0,Cl, [4(b)]. To
verify these results, a small quantity of CdSe pow-
der (0.08 g) prepared under the same conditions as
those used to prepare thin films (but in the ab-
sence of any substrate) was immersed in 0.01 M
HgCl,. The mixture was stirred at room tempera-
ture for various periods of time, and powder XRD
patterns of the precipitates were taken. New re-
flections appeared in these patterns, and an ex-
amination of the powder diffraction files [4(c)]
suggested that a selenium isomorph of a-HgsS,Cl,
was present. The structure of the synthetic mate-
rial was determined most recently by Frueh and
Gray [9]. The cell edge for the selenium analogue
was taken to be 9.06 A. Further calculations with
the ED data gave a good fit for this material with
errors in calculated interplanar angles less than 3°
and in d values less than 0.2 A. The intensities and

d values of the powder data agree well with those
calculated for this compound [10].

After lengthy immersion in HgCl,, two solid
phases were identified: a-Hg;Se,Cl, and Hg,Cl,
[4(d)]. Figure 4 shows XRD powder patterns mea-
sured for CdSe, CdSe treated with HgCl, (0.08 g
CdSe with 40 mL 0.01 M HgCl, for 2 days and 0.08
g CdSe with 100 mL 0.01 M HgCl, for 3 weeks).
Figure 5 shows the XRD pattern of CdSe following
a reaction period of 3 weeks together with simu-
lated XRD patterns for a-Hg;Se,Cl, and Hg,Cl, [10].
The reaction is essentially complete after a 3 week
period, as confirmed by XPS analysis, which showed
that the ratio mole (a-Hg;Se,Cl,) / moles (Hg,Cl,) was
3.1 and that cadmium was essentially absent. The
overall reactions that occur are

2CdSe(s) + 3HgCl,(aq) = 2CdCl,(aq)

+ a-Hg;Se,Cly(s) (1)
CdSe(s) + 2HgCly(aq) = CdCly(aq)
+ Hg,Cly(s) + Se(s) (ii)

No indication of the presence of crystalline Se could
be found in the powder diffraction data, although
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FIGURE 3 Selected area transmission electron diffraction
pattern obtained from CdSe thin film following immersion in
0.01 M HgCl, for a period of 5 minutes. The reflections lying
outside the CdSe diffraction rings indicate the presence of
the new phase, a-HgsSe,Cl..

some generally high background seems to be pres-
ent in the region between d = 3 A and d = 4 A. Puff
and coworkers [11,12] carried out detailed studies
of the reactions between mercury chalcogenides and
HgCl, and established the structures of some of the
products of these reactions including a-Hg;S,Cl,(s).
The reaction analogous to (i), between HgSe(s) and
aqueous HgCl,, produced a-Hg;Se,Cly(s), but the
reaction between HgSe(s) and aqueous HgCl,,
analogous to (ii), is not spontaneous since

HgSe(s) + HgCly(s) = Hg,Cly(s) + Se(s),

AG® = 2.86 kJ /mol (3]

and the chemical potentials, u, are u(HgCl,, 0.01
M) < u (Hg,Cl, s).

Air Annealing of CdSe. Previous work [1] has
shown that CdSe thin films are of poor crystallin-
ity. X-ray diffraction peaks are not detectable in
the XRD spectra. However, well-defined peaks cor-
responding to the hexagonal form of CdSe can be
observed following air annealing of the films at
450°C for 1 hour. In order to further investigate the
thermal transformations of CdSe, powder col-
lected from the deposition bath was heated in air

CdSe/HgCl, three-weeks reaction
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FIGURE 4 Copper K, X-ray powder diffraction patterns of
as-prepared CdSe and of CdSe following reaction with 0.01
M HgCl, for two periods of time, 2 days and 3 weeks.

at 450°C. Figure 6 shows the XRD patterns for as-
prepared CdSe as well as CdSe heated at 450°C for
1 hour and simulation patterns for cubic and hex-
agonal CdSe. It can be seen that the freshly de-
posited precipitate had only the poorly defined
pattern characteristic of cubic CdSe that was re-
ported previously for films of CdSe deposited on
glass [1,2]. When CdSe was heated in air at 450°C,
two obvious changes in its X-ray pattern occurred.
First, the lines in the pattern became very sharply
defined and are characteristic of hexagonal CdSe
[4(e)] rather than cubic CdSe. Second, three ad-
ditional reflections (d,y = 3.08, 1.92, and 1.60 A)
of a new phase appeared in the pattern that could
be ascribed to partial oxidation of cadmium sele-
nide. Extended heating (450°C, 24 hours) yielded a
complex XRD pattern, indicating the probable for-
mation of a number of oxidation products. This
situation is analogous to the air heating of CdS,
whereby several oxidation products are formed [13].



Eiectron and X-ray Diffraction Studies of Chemically Deposited Thin Films of Cadmium Selenide following Reaction 353

ngClz

b

i
[T'[ﬂ]l?llllﬂ|IIIH]IHHIIUiIITHHIII”HI]”I ILAERARAS! IHllHHI‘H”HIII

10 40
a-HgsSe,Cly

fﬂ””ll!lTﬂTTHIlIIITIIH)‘HHT”I|‘IllIHIHIIIH'IHH‘IHIllll\‘Hll””ll
10 80

CdSe/HgCl, three-weeks reaction

10 20 30. 50. 60. 70. 80

40
26 (deq)

FIGURE 5 Copper K, X-ray powder diffraction pattern of
as-prepared CdSe foliowing reaction with 0.0t M HgCl, for
a period of 3 weeks and simulated powder diffraction pat-
terns for the products of the reaction, «-Hg;Se,Cl, and
Hg,Cls.

CONCLUSIONS

The reaction between thin film and cadmium sel-
enide powder with aqueous HgCl, has been stud-
ied by EM, ED, XRD, and XPS. In addition to the
direct cation exchange, analysis of the ED pattern
produced by CdSe thin films, which underwent re-
action with 0.01 M HgCl, for a 5 minute period,
and XRD patterns of CdSe powder treated with 0.01
M HgCl, for 3 weeks revealed the occurrence of the
following reactions:

2CdSe(s) + 3HgCl,(aq)
= 2CdCl(aq) + a-Hg3SeZC12(S)
CdSe(s) + 2HgCl,(aq) = CdCl,(aq)

+ Hg,Cly(s) + Se(s)
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FIGURE 6 Copper K, X-ray diffraction patterns of as-pre-
pared CdSe and of CdSe following 1 hour heating in air at
450°C. The simulated powder diffraction pattern for the hex-
agonal and cubic forms of CdSe are provided for compar-
ison.
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Heating CdSe powder in air to 450°C brought
about a transformation from a poorly crystalline
cubic material to a well-defined hexagonal form of
CdSe, as revealed by observed XRD patterns, in
agreement with previous results on air-heated CdSe
thin films [1,2]. The presence of additional XRD
peaks not belonging to hexagonal CdSe indicates
the presence of an oxidation product. This product
has not yet been identified, and further experi-
ments are being undertaken to establish its iden-
tity.

ACKNOWLEDGMENTS

The authors are grateful to the Robert A. Welch
Foundation, Houston, TX, and to the National Sci-
ence Foundation Latin American Programs (INT-
9402007) for financial support and to the Texas
A&M University Electron Microscopy Center for the
use of their instrumentation.

REFERENCES

[1] M.T.S. Nair, P. K. Nair, R. A. Zingaro, E. A. Mey-
ers, J. Appl. Phys., 74, 1993, 1879.

[2}] M. T. S. Nair, P. K. Nair, H. M. K. K. Pathirana,
R. A. Zingaro, E. A. Meyers, J. Electrochem. Soc.,
140, 1994, 2987.

[3] D. D. Wagman, W. H. Evans, V. B. Parker, R. H.
Schumm, I. Halow, S. M. Bailey, K. L. Churney,
R. L. Nuttall, J. Phys. Chem. Ref. Data, 11, 1982,
Suppl. 2.

[4] JCPDS: (a) 19-191; (b) 29-908; (c) 39-1386; (d) 26-
312; (e) 8-459.

[5] D. Briggs, M. P. Seah (ed): Practical Surface Anal-
ysis by Auger and X-Ray Photoelectron Spectroscopy,
Wiley, Chichester (1983).

[6] C. D. Wagner, W. M. Riggs, L. E. Davis, T. F.
Moulder, G. E. Muilenberg, Handbook of X-Rav
Photoelectron Spectroscopy, Perkin Elmer, Norwalk,
CT (1978).

[7] C. Narayan, J. Electron Microsc. Tech., 3, 1986, 151.
This program was modified.

[8] J. D.H. Donnay, G. Donnay, E. G. Cox, O. Kennard,
M. V. King: Crystal Data Determinative Tables, 2nd
ed., American Crystallographic Association, Wash-
ington, D.C. (1963).

[9] A. J. Frueh, N. Gray, Acta Crystallogr., B24, 1968,
156.

[10] X-Ray Powder Pattern Simulation Program, XPOW-
Part of the program package SHELXTL-PLUS, re-
lease 4.11/V for Siemens R3M/V, Siemens Analyt-
ical Instrument Inc., Madison, WI (1990).

[11] H. Puff, R. Kohlschmidt, Naturwiss., 49, 1962, 299.

[12] H. Puff, J. Kuster, Naturwiss., 49, 1962, 299.

(13] D. M. Chizhikov, Cadmium, Pergamon Press, Ox-
ford (1966).



