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bstract

ZnSe/Si heterostructures, fabricated by vacuum evaporation method, are investigated by Rutherford backscattering spectrometry (RBS), X-ray
iffraction (XRD), optical, I–V, C–V analysis, high-resolution electron microscopy (HREM) and ab initio quantum mechanics calculations. From
he RBS analysis, the composition of the deposited film is found to be nearly stoichiometric. The structural studies show that the orientation of the
rystallites in the deposited film is along (1 1 1) direction. Particle size (D), strain (ε) and dislocation density (δ) values are calculated as 40.71 nm,
.95 × 10−3 lin−2 m−4 and 6.03 × 1015 lin m−2, respectively, while ZnSe/Si interface was locally studied to establish the high interaction between
oth crystals and it clears that the Si order produce the gradual array in the ZnSe crystallization. The optical band gap value of the deposited films

s calculated as 2.61 eV. The ideality factor is evaluated from the I–V measurement and its value is found to be in the range of 2.8–3.01. From the
–V analysis, the built in potential is found to be 0.61 V. The value of effective carrier concentration (NA) and the barrier height are determined as
.8 × 1011 cm−3 and 1.457 eV, respectively.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

II–VI compounds have been considered as promising mate-
ials for application in many areas of recent development.
ecently, the hetero-structures based wide-band gap II–VI com-
ound semiconductors have attracted much attention because of
heir properties and their applicability in laser diodes [1] and
n several types of optoelectronic devices [2]. In particular, the
nSe/Si heterojunction is of specific interest since this structure
rovides effective solar cells with efficiencies of 17.5% [3] and
nables the integration of wide bandgap device in silicon circuits.
ecause of the difference in physical parameters such as lattice
onstants, thermal expansion coefficients and ionicity between

nSe and Si, this material system suffers from a number of crys-

alline defects, which have a deleterious effect on the optical and
lectronic properties and may be responsible for the reduction
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f the device lifetime [4,5]. The crystallographic quality of thin
lms largely depends on the ambient pressure and lattice match
6]. The lattice mismatch between ZnSe and GaAs is quite small
0.27%), but the lattice mismatch between ZnSe and Si is quite
arge (4.4%). Thus, the application in optoelectronic devices has
ncreased the need for a better knowledge on the defect structure
f this material system, basically the effect of the Si crystalline
rder on the cluster formation of ZnSe and the scale range of
nteraction to the thin film formation. The thermal expansion
oefficient is greatly reduced by incorporation of iodine in ZnSe
ompound, and also the outermost electrons of iodine atoms
ith large ionic radius are easily polarizable. The n-type doping
f ISe gives rise to the stabilization of ionic charge distributions
ue to decrease in Madelung energy [7]. Hence an attempt has
een made on the preparation of Si based ZnSe heterostructure
sing the iodine doped ZnSe compound.

During the last few decades the use of both, experimental and

heoretical methods together have produced more knowledge
n the basis to generate a material and the effects of the struc-
ure on its corresponding properties [8], since the nanostructured
9–11] to the bulk-like structures [12,13]. Particularly the case
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phase cubic structure using this synthesized ZnSe compound.
The XRD patterns for the deposited films exhibit reflections
at 27.14◦, corresponding to the cubic phase. Hence the ZnSe
films of higher thicknesses deposited in vacuum onto the Si
06 S. Venkatachalam et al. / Materials Ch

f the basis for nanostructured arrays and crystalline interfaces
ave received an important impulse to molecular simulation
pproaches, which allow understanding how the local atomic
istribution induce the trybological and mechanical behaviour
f the whole system [14].

In this paper, we report a hybrid study involving the exper-
mental characterization of the composition, structural and
ptical properties, besides atomistic and electronic studies with
elp of quantum mechanics based methods for ZnSe thin films
long with the formation of ZnSe/p-Si Schottky hetrostructure
nd the junction parameters like built in potential (Vbi), Vn, Nv
he density of states in the valance band, φBn.

. Experimental methods and theoretical approaches

.1. Sample preparation

The ZnSe compounds were prepared at 875 ◦C with iodine as a reactive
oping agent. ZnSe thin films were deposited onto the well cleaned glass and
i (1 0 0) substrates at a substrate temperature of 589 K under a vacuum of
× 10−5 Torr and Au was used as top electrode. The complete device had an
ctive area of 3 × 10−6 m2. The composition of the film deposited onto sili-
on substrate is studied using Rutherford backscattering spectrometry. 2 MeV
e+ ion beam was used for the experiment. The details of the experimental

et-up can be found elsewhere [15]. The RBS analysis was performed using
simulation code Rump [16]. X-ray diffractometer (Philips PW 1700) with
i-filtered Cu K� radiation (λ = 1.54056 Å) was used to study the structural
roperties of the films. The optical transmittance spectra were recorded using a
V–vis–NIR spectrophotometer (Hitachi, Japan) in the wavelength range from
00 to 2500 nm. The current across the device as a function of the applied volt-
ge from a dc power supply was measured in a rotary vacuum of 1 × 10−2 Torr
t different temperatures (309–396 K) using a cryostat equipped with a PT100
hermocouple.

.2. Structural analysis

The particle size (D) is calculated using the Scherrer formula from the full
idth at half maximum (β) (FWHM).

= 0.94λ

β cos θ
(1)

here λ is the wavelength of the X-ray used, β the full width at half maximum
nd θ is the angle between the incident and the scattered X-ray.

The lattice parameter (h k l) is determined by the following expression for
ubic structure:

1

d2
= h2 + k2 + l2

a2
(2)

here h, k, l represent the lattice planes and ‘a’ the lattice parameter. The strain
alues (ε) were evaluated by using the following relation:

=
[

λ

D cos θ
− β

]
× 1

tan θ
(3)

The dislocation density (δ) has been calculated by using the formula (Pradip
t al. [17]) for cubic ZnSe thin films

= 15ε

aD
(4)
For nano-characterization we have made use of transmission electron
icroscopy (TEM), particularly by high resolution, which allows the struc-

ural analysis of local arrays in the order of atomic columns and how defects
re distributed forming small range arrays; besides high angle annular dark field
hat allows a kind of Z-contrast to differentiate between different compositions

F
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n a sample. These techniques were performed in a JEM 2010 FasTem ana-
ytical microscope equipped with a GIF detector. High-resolution images were
btained at the optimum focus condition (Sherzer condition).

Theoretical analysis of the electronic properties were made for a peri-
dic structure of ZnSe and Si separated by using the Castep software [18],
hich is a ab initio method based on a plane wave approach for crystal
odels and considering the gradient corrected approximation (GCA) and the
erdew–Burke–Ernzerhof functional [19]. The energetic evaluation of ZnSe/Si
as evaluated with the help of a model of ZnSe on a Si surface and study-

ng the stress tensor during a geometry relaxation and the local interaction
etween Si and ZnSe atoms; it was considered as follows: a convergence toler-
nce of 5 × 10−6 eV/atom between the steps, a self consistent field tolerance of
× 10−7 eV/atom for each single point of energy calculation, and a 9 × 9 × 4
-point set. Similar calculations by DFT for molecular models were improved
y the DMol3 software [20], which allows a similar basis set and a geometry
ptimization goal. In order to make the calculation and visualization analysis
e used the Castep and DMol3 modules of the Cerius2 software by Accelrys.

. Results and discussion

Fig. 1 shows a typical RBS spectrum of ZnSe thin films
eposited onto the well cleaned Si substrates at 589 K. The RBS
pectrum of the deposited film along with a fit is obtained using
he simulation code RUMP [16]. This fit shows the contribution
f the individual peaks corresponding to the various elements
f the RBS spectrum. Starting with the high energy side, we
dentify peaks corresponding to I, Se, Zn and Si, respectively.
he composition of the deposited film is found to be Zn0.5Se0.5
nd the iodine concentration was found to be almost negligible.

A typical X-ray diffractograms of ZnSe films deposited onto
i substrates at 589 K is shown in Fig. 2. The deposited films
ave a strongly preferred orientation and only one intense peak

as observed. The observed lattice spacing value (d = 3.276 ´̊A)
oincides with the reported value of cubic ZnSe. Xu et al. [21]
ave obtained polycrystalline structure using pure single ZnSe
olycrystal target. But we have obtained a very good single
ig. 1. Rutherford backscattering spectrum of vacuum evaporated ZnSe thin
lm.
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reported in previous works, however the structural homogeneity
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ig. 2. X-ray diffractogram of ZnSe films deposited onto Si substrate at a
ubstrate temperature of 589 K.

ubstrates at 589 K found to have more preferred orientation
long (1 1 1) direction and are in cubic phase. The evaluated
alues of particle size, strain, dislocation density and lattice con-
tant values were found to be 40.71 nm, 0.95 × 10−3 lin−2 m−4,
.03 × 1015 lin m−2 and 5.681 ´̊A, respectively. The calculated
attice constant value coincides well with the already reported
alue [22].

Since the crystalline structure identified by the X-ray diffrac-
ion (XRD), corresponds to the average of the sample, the use
f HREM images allows identifying how the ZnSe has been
eposited and what are the main adopted configurations. In
ig. 3, it can be observed the two main types of contrasts iden-

ified for the ZnSe in the sample, with long regions of single
rystalline structures (Fig. 3a) and small regions with multi-
le small clusters (Fig. 3b), which suggest the formation of big

rystals in some regions of the samples (up to 100 nm) and the
ultiple defects near to the surface that can be identified as
any small aggregates producing a polycrystalline zone with

i
c
i

ig. 3. HREM images from different regions of the samples. (a) A big crystal grain
orresponding FFT are inset for clarity.
stry and Physics 103 (2007) 305–311 307

anograins. In Fig. 3a, the measured lattice spacing matches
irectly to the ZnSe (0 0 2) plane distances, while the included
ast Fourier transform (FFT) pattern allows determining one sin-
le orientation and a clean periodicity over the analyzed region.
n addition in Fig. 3b, the small nanodomains making a poly-
rystalline domain, are shown where multiple orientations can
e identified as it can be also distinguished from the included
FT pattern.

The effects of these types of structures involve important con-
iderations, however it must be established that the long crystals
omains in the samples is more than that 80% of the analyzed
egions, while the small grains are basically found nearer to the
nSe/Si interface. In fact, Fig. 3b allowed identifying two differ-
nt lattices, as it can be seen from the different distances of the
pots marked with the arrow on the FFT, which determines two
ontributions with different lattice spacing. In this way, the influ-
nce of the Si–ZnSe lattice mismatch implies the local effects
n the new material formation, and hence, the produced inter-
ace must generate defects on the ZnSe film in the short range,
aking the evaluation of this region a crucial element on the

nderstanding of the obtained material and its performance.
In Fig. 4 a complete analysis of the interface region is made,

hich has a elemental composition identified for the two dif-
erent crystals as it can be seen in Fig. 4a, where the X-ray
mission signals of Zn, Se and Si, are identified (besides the
opper from the grid where the samples are deposited for their
nalysis). From this region the use of HREM images (Fig. 4b)
hat it is obtained from the square selected are from the particle
istinguished with help of the HAADF image of Fig. 4c, which
learly correspond to the interface of a layer of ZnSe on a Si
ggregate. In fact the FFT pattern establishes a polycrystalline
ample for two different crystals.

A deeper analysis of the HREM image allows recogniz-
ng an interface where the lattice mismatch correspond to that
s of short range and followed by small clusters and deformed
lusters. This last effect of local interaction implies that the
nterface regions control not only the trybological properties of

of ZnSe and (b) a multiple domains zone of ZnSe and Si. In both images the
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Fig. 4. Transmission electron microscopy analysis of an interface section. (a)
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b

DS elemental composition spectra from the interface region, (b) the corre-
ponding HREM image, (c) HAADF of the whole grain and the corresponding
nd (d) FFT pattern.

he deposited films, also the structure of the produced material,
hich will be more deformed if the Si surface is not sufficiently
at.

In order to evaluate the effects of this interaction between
he Si surface and the deposited ZnSe, theoretical methods have
een used to identify the stress involved as effect of the interface
nd the density of states for the pure crystals and for the ZnSe/Si
iode. In Fig. 5, the results of the quantum mechanical calcu-
ation are shown as part of the understanding for the different
tructures, the pure ZnSe and Si crystals besides the ZnSe/Si
nterface. The electrostatic iso-surfaces potential are shown for
a) ZnSe, (b) Si and (c) ZnSe/Si, which allows to identify the Zn
toms domain in the EP distribution in the ZnSe crystal, for the
i, there is an homogeneous distribution and when both crystals
re together the Se presents in a low contribution in the surfaces.

The densities of states (DOS) plot for the different crystals
re also shown in Fig. 5d, where it is clear that the junction
nduce better localized regions for most of the electrons reducing
he band gap. Besides the geometry optimization for the model
roposed for the ZnSe deposition on the Si surface, is shown
n Fig. 5e and f (proposed and relaxed configurations, respec-
ively), where the local deformation of the crystalline order in

oth materials is clearly shown. The effect of this deformations
re also evaluated using the electrostatic iso-surface potential
hich has been shown in Fig. 5g, denotes a polarization of the

urface, which induce small negative regions on the top of the

h

φ

try and Physics  103 (2007) 305–311

odel that implies a lower effect of the interaction while the
nSe film thickness increases.

The optical transmittance spectrum of ZnSe thin films
eposited onto well cleaned glass substrates is shown in Fig. 6
nd in the inset is the plot between (αhν)2 and hν for ZnSe thin
lm deposited at 589 K. The band gap was obtained by extrap-
lation of the plot of (αhν)2 and hν, which yields the energy
and gap values of ZnSe films. The evaluated band gap value
or the film deposited at 589 K was found to be 2.61 eV. Similar
esults for CBD deposited ZnSe thin films have been reported
y Chaudhari et al. [23].

The electrical properties of practical Schottky barrier diodes
SBD) are mainly controlled by the interface properties. Fig. 7
hows the typical plot of current versus voltage characteristic
tudies of ZnSe/Au Schottky diodes in forward and reverse bias
onditions measured at different temperatures. I–V characteris-
ics follow the standard diode equation [24]

= I0

[
exp

(
qV

nkT

)
− 1

]
(5)

here k is the Boltzmann constant, n the ideality factor, q the
lectronic charge and T is the temperature. The ideality factor
as determined at various temperatures using the plot between

n I and V (Fig. 8). The ideality factor remains almost constant
2.8–3.01) in the temperature range of 306–396 K. The value
f barrier height was found to increases (1.457–1.711) with the
ncrease of temperature. The calculated value of barrier height
t room temperature is coinciding with the previous results
eported by Wang et al. [25]. The temperature dependence of
he barrier height is due to the fact that the measured current is
combination of the thermionic current and the recombination

urrent. The departure of the ideality factor from unity may be
ue to the interfacial layer between the metal and the semicon-
uctor [26]. The variation of diode rectification factor γ versus
emperature is shown in Fig. 9 and it is, defined as the ratio
f the forward to reverse current. Here we measured the diode
ectification factor for the prepared ZnSe/Si device at 1 V. The
ectification factor has maximum value (0.223 × 103) at room
emperature, the rectification factor decreases with the increase
n temperature. Similar results are observed by Rakhshani et al.
24].

C–V measurements were made at 306 K and 1 MHz on the
nSe/Si diode. In Fig. 10, C−2 is plotted as a function of voltage.
he straight line plot in Fig. 10 implies a similar behaviour
f an abrupt heterojunction [27]. The built in potential (Vbi) is
alculated from the following relation [28]

1

C2 = 2(Vbi − V )

qεsND
(6)

From Eq. (6), the intercept at 1/C2 = 0 corresponds to the
uilt-in potential Vbi. It is found to be 0.61 V. The value of barrier

eight [29] can be calculated from the measured value of Vbi.

Bn = Vbi + Vn + kT

q
(7)
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Fig. 5. Quantum mechanical calculation: The electrostatic iso-surfaces potential are shown for (a) ZnSe, (b) Si and (c) ZnSe/Si, (d) the densities of states plot for the
different crystals; (e and f) Geometry optimization for the model proposed for the ZnSe deposition on the Si surface, proposed and relaxed configurations, respectively,
where the local deformation of the crystalline order in both materials is clearly shown. (g) Electrostatic iso-surface potential denoting a surface polarization.

Fig. 6. Transmittance spectra of ZnSe thin film deposited onto glass substrate
and inset is the plots of (αhν)2 vs. hν of ZnSe thin film of thickness 1488 Å
deposited onto glass substrate.

F
t

ig. 7. Forward and reverse current vs. voltage characteristics of ZnSe/Si Schot-
ky diodes.



310 S. Venkatachalam et al. / Materials Chemistry and Physics  103 (2007) 305–311

Fig. 8. Variation of ln I vs. voltage characteristics of ZnSe/Si Schottky diodes.

Fig. 9. Temperature dependence of the rectification factor � for ZnSe/Si Schot-
tky diodes.

Fig. 10. Dependence of 1/C2 value on applied voltage of ZnSe/Si Schottky
diodes.

Table 1
The electrical parameters of ZnSe films deposited onto glass substrates

Temperature (K) 306
Vbi (V) 0.61
d(1/C2)/dV (×1019 (m2/F)2 V−1) 4.083
NA (×1011 cm−3) 3.8
V
φ
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n (V) 0.8202

Bn (eV) 1.457

here Vn = kT/q. ln(Nv/NA), k is the Boltmann constant, T the
bsolute temperature, q the charge of the electron, Nv the den-
ity of states in the valance band and NA is the effective carrier
oncentration. From the slope of the C−2 versus voltage plot,
he evaluated NA and barrier height values were found to be
.8 × 1011 cm−1 and 1.457 eV, respectively. The calculated val-
es of Vbi, Vn, Nv and φBn are given in Table 1 for ready
eference.

. Conclusion

The composition of the simple vacuum deposited ZnSe films
s found to be nearly stoichiometric. The effects of the inter-
ace are clearly the bigger influence on the thin film structure
ormation and also, the produced effect directly affects the elec-
ronic properties since it was here demonstrated to reduce the
and gap in function of the local ZnSe–Si interaction. The small
rain production is mainly identified near to the interface what
t explained thanks to the quantum mechanical calculations as
nduced by the crystalline mismatch and the charge density
nfluence between the different elements.

From the optical studies, the transition of the deposited film
s found to be direct allowed. The variations of barrier height and
deality factor have been studied as a function of temperature.
he SBH of ZnSe/Si has been found to vary between 1.457 and
.711 eV in the temperature range of 306–396 K. At 306 K, the
deality factor has been found to be 2.8. The C–V analysis reveals
he formation of abrupt hetero-junction in the examined ZnSe/Si
eterostructure.
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