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In this work, we report the effect of sandwiching of Au nanosheets on the structural and electrical properties of ZnSe thin
films. The ZnSe films which are grown by the thermal evaporation technique onto glass and yttrium thin film substrates exhibit
lattice deformation accompanied with lattice constant extension, grain size reduction and increased defect density upon Au
nanosandwiching. The temperature dependent direct current conductivity analysis has shown that the 70 nm thick Au layers
successfully increased the electrical conductivity by three orders of magnitude without causing degeneracy. On the other hand,
the alternating current conductivity studies in the frequency domain of 10 MHz to 1800 MHz have shown that the alternating
current conduction in ZnSe is dominated by both of quantum mechanical tunneling and correlated barrier hopping of electrons
over the energy barriers formed at the grain boundaries. The Au nanosheets are observed to increase the density of localized
states near Fermi level and reduce the average hopping energy by ∼5 times. The conductivity, capacitance, impedance and
reflection coefficient spectral analyses have shown that the nanosandwiching of Au between two layers of ZnSe makes the zinc
selenide more appropriate for electronic applications and for applications which need microwave cavities.
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1. Introduction

Zinc selenide in a thin film and single crys-
tal form is a promising material for technologi-
cal applications that include bioimaging [1], pho-
tovoltaics [2–4] and laser resonators [5]. Recently,
highly blue fluorescent cysteamine coated ZnSe
quantum dots in aqueous medium have been pre-
pared at near physiological pH by a fast precip-
itation process followed by hydrothermal growth
technique. This type of highly fluorescent quan-
tum dots has been reported to be suitable as
new low toxic and promising platform for biola-
beling purposes [1]. In addition, heterojunctions
which comprise p-type ZnSe nanoribbons and n-
type Si nanowires have been employed as p-n nano-
heterojunction which exhibited photovoltaic be-
havior, with power conversion efficiency of
∼3 % [2]. Furthermore, room temperature inves-
tigations of kinetics of Fe:Cr:ZnSe under laser ex-
citation of a wavelength of 1560 nm have shown
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that the energy transfer between Fe and Cr centers
is as fast as 290 ns, which makes this material at-
tractive for the use as a pumping mechanism for Fe
lasing [3].

Various techniques have been employed to en-
hance the electrical performance of ZnSe to make
it more appropriate for the electrical and opto-
electronic applications. For example, annealing of
ZnSe thin films under vacuum pressure of 10−1 Pa
at 473 K for one hour increased the grain size
from 15 nm to 18 nm and increased the electri-
cal conductivity from 1.76× 10−6 (Ω · cm)−1 to
3.11×10−6 (Ω · cm)−1. It also shifted the conduc-
tivity activation energy from 0.75 to 0.97 eV [4].
In addition, preparing ZnSe thin films at differ-
ent substrate temperatures in the range of 298 K
to 373 K has been studied too. An increase in
dark conductivity from 2.19× 10−8 (Ω · cm)−1 to
6.59× 10−8 (Ω · cm)−1 was reported in [5]. The
photoconductivity also increased by two orders of
magnitude as the substrate temperature increased
from 298 K to 373 K.
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As an alternative technique, we have tried
to improve the electrical performance of ZnSe
via nanosandwiching technique. Particularly, a
nanosheet of Au was inserted between two layers
of ZnSe for the purpose of increasing the electrical
conductivity of ZnSe. Both the direct current (DC)
and alternating current (AC) conductivities were
studied and analyzed. While the DC conductivity
was studied as a function of temperature, the AC
conductivity was studied in the frequency domain
of 10 MHz to 1800 MHz. The dominant current
conduction mechanisms and the electrical conduc-
tivity parameters were also investigated in terms of
technological applications.

2. Experimental
Zinc selenide layers of thicknesses of 500 nm

were prepared by the physical evaporation tech-
nique onto glass substrates from high purity ZnSe
powders (Alpha Aeser 99.99 %) in a thermal vac-
uum system under a vacuum pressure of 10−3 Pa.
Some of the produced ZnSe layers were employed
as substrates to deposit layers of pure (99.97 %)
Au nanosheets (70 nm). The produced ZnSe/Au
films were then used as substrates to deposit an-
other ZnSe (500 nm) layers so that nanosand-
wiched structure was created. The thickness was
controlled by an in situ STM-2 thickness moni-
tor connected to a quartz crystal inside a vacuum
chamber. CuKα radiation Miniflex 600 X-ray unit
was used to explore the structural changes asso-
ciated with the nanosandwiching process. The di-
rect current measurements were carried out in a
high temperature cryostat and the room tempera-
ture alternating current measurements were real-
ized with the help of Agilent 4291B 10-1800 MHz
impedance analyzer.

3. Results and discussion
For the purpose of enhancing the electrical

properties of ZnSe thin films, an Au nanosheet
of a thickness of 70 nm was inserted between
two 500 nm thick ZnSe films. The thickness
of Au represents only 7 % of the total thick-
ness of the studied films. The resulting X-ray

diffraction patterns for two Au sandwiched stacked
layers of ZnSe/Au/ZnSe (ZAZ) and unsandwiched
ZnSe/ZnSe (ZZ) are shown in Fig. 1. The figure
displays polycrystalline nature of the films with
two intensive peaks centered at diffraction angles
(2θ) of 28.10° and 25.4°. The insertion of Au
nanosheet shifts the peaks positions to 28.0° and
25.3°. The shift in the major peak center is also
shown in the inset of Fig. 1. The shift toward
lower diffraction angles is an indication of lattice
extension due to deformation. The calculated lat-
tice parameters for the hexagonal ZnSe thin films
before the insertion of Au nanosheet was found
to be a = 4.051 and c = 6.354 Å. These val-
ues are consistent with literature data [6]. The in-
sertion of Au changed the lattice parameters to
a = 4.066 and c = 6.376 Å. Such extension in
the lattice parameters is accompanied with strain
(E = (aZAZ− aZZ)/aZZ), of the values 3.70 ×10−3

and 3.46×10−3 along the a and c axis, respectively.
Such values of strain lead to high value of defect
density (δ = 15ε

aD where D is grain size). The grain
size and defect density obtained from the full wave
at half maximum of the major peak which is ori-
ented along the (0 0 2) direction are found to be
29 nm and 4.33 ×1011 lines/cm2 and 21 nm and
7.69 ×1011 lines/cm2, before and after the inser-
tion of Au nanosheet, respectively.

Fig. 1. X-ray diffraction patterns for ZnSe/ZnSe, and
ZnSe/Au/ZnSe films.

The selection of this Au thickness is related to
the fact that the dislocations at the interface are in-
evitable due to the physical mismatch of terminat-
ing bonds at the interface, which can be eliminated
by reducing the thickness. The lattice mismatch is
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defined as ∆ = |ae− as|/ae (ae : epitaxial, as: sub-
strate) and the critical thickness is tc = ae/(2∆).
Taking into account that the lattice constant of cu-
bic Au is 4.0782 Å, the lattice mismatch between
the Au nanosheets and ZnSe film is 6.67 ×10−3

along the a axis and 0.558 along the c axis. This
leads to critical thicknesses of values of 30.57 nm
along the a axis and 0.365 nm along the c axis. For
this reason, sufficiently thick layers of Au sheet
is used to guarantee the uniform and continuous
distribution of gold over ZnSe. One reason be-
yond the extension in the lattice parameters which
caused high values of strain and larger defect den-
sity upon nanosandwiching of gold between two
layers of ZnSe could be the increase in the adjacent
planes distance with the inclusion of Au atoms as
observed at Au/ZnO interfaces [7]. The inclusion
of Au atoms into the structure of ZnO shifted the
diffraction angles toward lower angles owing to the
larger ionic radius of Au+3 (82 pm) compared to
that of Zn+2 (74 pm). For ZnO thin films, the higher
the Au content, the higher the strain, the smaller the
grain size and the higher the defect density [7].

In order to reveal information about the effect
of Au nanosheets on direct current (DC) conduc-
tion of the ZnSe thin films, the electrical conduc-
tivity was measured in the temperature range of
310 K to 450 K. The near room temperature elec-
trical conductivity increased from 1.62× 10−6 to
3.25× 10−3 (Ω · cm)−1. An increase by three or-
ders of magnitude has been achieved by the Au
nanosandwiching. On the other hand, the Arrhe-
nius plots which are shown in Fig. 2a and Fig. 2b
for the ZnSe and ZnSe/Au/ZnSe thin films, respec-
tively, reveal linear slopes of the ln(σ) vs. T−1. The
calculated conductivity activation energies (Eσ) be-
fore and after the nanosandwiching process have
been found to be 0.822 eV and 0.942 eV, respec-
tively. These values of activation energies are close
to those reported for the as-grown and annealed
ZnSe thin films being 0.75 eV and as 0.97 eV, re-
spectively [4]. Recalling that the hot probe tests
have shown that both samples exhibit n-type con-
ductivity, the extension of the lattice that resulted
from the Au nanosandwiching has been accompa-
nied with the formation of deep donor levels in
the band gap of ZnSe. Assuming that the Fermi

level is located at the midpoint between the donor
level and the bottom of the conduction band, and
remembering that the electron affinity of ZnSe is
4.09 eV [8], then the work function of ZZ and ZAZ
samples turns out to be 4.501 eV and 4.561 eV,
respectively. Comparing the Au nanosandwiched
ZnSe films with those nanosandwiched with in-
dium nanosheets (75 nm) [9], it can be deduced
that the indium forms shallow donor levels and the
Au forms deep donors. In addition, various dop-
ing agents including Ga, Cl, F and indium have
been reported to result in shallow doping level
of ∼29 meV [9]. While In+3 (5s24d105p1) whose
ionic radii is 92 pm [10], which is also larger than
that of Zn, contributes three valence electrons to the
energy band structure of ZnSe, Au (6s14f145d10)
contributes five valence electrons to the band struc-
ture of ZnSe. Since the electronic configuration of
Zn+2 is 4s23d10 and it shares only two valence elec-
trons, the Au nanosheets provide the feature of hav-
ing more valence electrons. In addition, as the 4f
and 5d states are at higher energy levels than those
of 3d or 4d states, an orbital overlapping between
Au and Zn or Se atomic orbitals occurs. Such elec-
tronic structure explains the reason for the increase
in the electrical conductivity via Au nanosandwich-
ing. It is also worth of consideration that while the
indium nanosandwiching reveals degenerate levels
in ZnSe making it degenerate semiconductor, Au
keeps the material nondegenerate.

It is also interesting to assume that the conduc-
tivity activation energy may be connected with the
grains and grain boundaries. It is well known that
polycrystalline thin films exhibit potential barriers
(qφb) at the grain boundaries [11, 12]. For a film
composed of large grains which are very close to
each other, the conductivity of the grains is much
higher than the conductivity of grain boundaries.
Since the conductivity is defied by:

σ = σo exp
(
−Eσ

kT

)
= neµ = noµ0 exp

(
−Ed +qφ b

kT

)
(1)

with no, µo and σo being the pre-exponential fac-
tors for the free charge carriers (n) and mobility
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(µ) while Eσ = Ed + qφb [11, 12]. For this rea-
son, assuming that the donor level is moderately
influenced by the Au participation as no atomic Au
substitution can take place in the vacant sites of
Zn, the deeper activation energy of Au nanosand-
wiched ZnSe can be assigned to the decrease in the
grain size that, in turn, causes an increase in the
number of grain boundaries and increase in barrier
height at the grain boundaries.

Fig. 2. Arrhenius plots of DC conductivity for (a)
ZnSe/ZnSe and (b) ZnSe/Au/ZnSe sandwiched
films.

In order to explore the effect of Au nanosand-
wiched layer on the alternating current (AC) con-
duction mechanism of ZnSe thin films, the sand-
wiched and pure layers of ZnSe were deposited
onto an ohmic Yb substrate (qφb = 2.51 eV) and
recoated with Au Schottky point contact (qφb =
5.34 eV) on the top layer of the ZZ and ZAZ sam-
ples. The AC conductivity (σac (ω)) spectra which
have been recorded in the microwave frequency do-
main of 10 MHz to 1800 MHz are displayed in
Fig. 3. As can be seen from the figure, the con-
ductivity increases with increasing frequency up to
210 MHz, exhibiting a maximum at 210 MHz. The
AC conductivity value of the ZAZ samples is three
times higher than that of ZZ samples indicating that
the Au nanosandwiching has also enhanced the AC
conductivity of the ZnSe thin films.

The trends of variation of frequency depen-
dent conductivity indicate the domination of more
than one transport mechanism in the samples under
study. For this reason, the conductivity was mod-
eled assuming domination of quantum mechanical

Fig. 3. AC conductivity spectra for ZnSe/ZnSe and
ZnSe/Au/ZnSe sandwiched films. The inset
shows the s parameter variation with frequency.

tunneling (QMT) and correlated barriers hopping
(CBH) conduction mechanisms. The frequency de-
pendence of the AC conductivity is expressed by
the equation:

σac (ω) = Aω
s (2)

Here, ω = 2πf is the angular frequency of the
applied AC field, A and the frequency exponent
s (0 6 s 6 1) are parameters. The constant A de-
termines the strength of polarization and s is the
Jonscher coefficient representing the amount of in-
teractions between the mobile ions and the lat-
tice around them [13–15]. While the quantum me-
chanical tunneling (QMT) model assumes tunnel-
ing of charge carriers between two localized states
near the Fermi level, the correlated barrier hop-
ping mechanism assumes that the charge carrier
hops from site to site over the potential barrier [13]
at the grain boundaries. s value being 1.0 appears
when the distribution of relaxation time (N(τ)) is
inversely proportional to τ. Under these conditions,
the relaxation time is given by the equation:

τ = τo exp(2αR) (3)

with R being intersite separation and α

(α−1 = 10 Å) is a spatial decay parameter
for the wave function employed to represent the
localized state at each site. The AC conductivity
for an electron undergoing quantum mechanical
tunneling can be presented by the equation [14]:

σT (w) =
π4

24
e2kT α

−1(N (EF))
2wR4

w (4)
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Here, N(EF) is the density of localized states near
the Fermi level and Rw = ln(1/(wτ0))/(2α) is
the hopping distance at a particular frequency (w).
In the quantum mechanical tunneling model s =
1− 4

ln
(

1
(wτo)

) . The domination of tunneling process

should be valid as s appreciably decreases with
increasing frequency at a particular temperature.
By finding the derivative s = dln(σ(w))/dln(w)
which is illustrated in the inset of Fig. 3, we ob-
served that the domination of the quantum mechan-
ical model is in the range of∼60 MHz to 150 MHz.

On the other hand, the correlated barrier
hopping conduction (CBH) indicates that τ =
τo exp(Wh/kT) with Wh being the hopping bar-
rier height. For such case, the AC conductivity in-
creases with frequency as long as the frequency of
the propagating signal is less than the charge car-
rier jump frequency [14–16]. The AC conductivity
in this case is given by the relation:

σCBH (w) =

σH (w)+(σL (w)−σH (w))/(1+w2
τ

2) (5)

Here, the subscript symbols H and L mean high
and low frequency saturation conductivities, re-
spectively. Applying these theories to our case, it
was possible to reproduce the AC conductivity as-
suming the domination of two conduction mecha-
nisms in the heterojunction device presented by the
relation:

1
σ(w)

=
1

σT
+

1
σCBH

(6)

The theoretically computed AC conductivity is rep-
resented by the brown colored curves in Fig. 3.
The good consistency between the experimental
and theoretical data was achieved by substituting
the fitting parameters which are shown in Table 1.
The most reasonable reason for the domination of
tunneling mechanism is the ability of charge car-
riers to find paths through ultrathin regions at the
Au/ZnSe interface to reach the conduction band
of ZnSe (flowing back from metal to semiconduc-
tor). These thin regions could have resulted from
the rough surface of ZnSe [17, 18]. On the other
hand, the presence of correlated barrier hoping is

attributed to the hopping of electrons between de-
fect centers over the potential barriers separating
them and/or barriers separating the grains.

In accordance with the data of Table 1,
the insertion of the Au nanosheets between
two layers of ZnSe reduced the average hop-
ping energy from 0.396 to 0.080 eV and in-
creased the density of localized states near the
Fermi level from 1.1×1019 (eV−1 · cm−3) to
5.00×1019 (eV−1·cm−3). This increase may be
assigned to the increased defect density from
4.33 ×1011 lines/cm2 to 7.69 ×1011 lines/cm2

caused by Au nanosandwiching. In addition, the in-
crease in the stacking faults could also be a reason
for the observed increase in N(EF). While the in-
crease in the values of the σac (H) and σac (L) can
be assigned to the orbital energy bands overlap-
ping, the increase in the relaxation time is assigned
to the structural modifications.

Fig. 4. (a) capacitance, (b) impedance and (c) reflection
spectra for ZnSe/ZnSe and ZnSe/Au/ZnSe sand-
wiched films.

From practical point of view, the effect of
Au nanosheets on the capacitance and impedance
spectra is shown in Fig. 4a and Fig. 4b, respec-
tively. As seen, the capacitance (C) spectra fol-
low the same shape variation before and after the
nanosandwiching of Au. However, the presence
of Au inside the ZnSe layers increased the ca-
pacitance value (Fig. 4a) by at least one order of
magnitude. The decrease in the capacitance with
increasing frequency in the frequency domain of
10 MHz to 1300 MHz is faster for the ZAZ sam-
ples compared to the unsandwiched ones. In ad-
dition, the impedance spectra which are displayed
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Table 1. AC conductivity fitting parameters for the quantum mechanical tunneling (QMT) and correlated barrier
hopping (CBH) conduction mechanism for Yb/ZnSe/Au and Yb/ZnSe/Au/ZnSe/Au sandwiched films at
300 K.

Yb/ZnSe/Au Yb/ZnSe/Au/ZnSe/Au

Wh [eV] 0.396 0.080
N(Ef) × 1019 [eV−1·cm−3] 1.10 5.00

τ × 10−9 [s] 5.00 1.30
σac(H) × 10−3 [Ω·cm−1] 10.0 60.0
σac(L) × 10−2 [Ω·cm−1] 40.0 36.0

in Fig. 4b show a decreasing trend of variation
down to 1300 MHz, where the impedance starts
to increase with increasing frequency. The pres-
ence of Au nanosheets lowers the magnitude of the
impedance significantly. As the frequency exceeds
1300 MHz, the C and Z spectra of both the ZZ and
ZAZ samples display the same value and the same
trend of variation. On the other hand, the reflection
coefficient (ρ) spectrum, which has been calculated
by the previously described methods [19] and is il-
lustrated in Fig. 4c indicates distinguished differ-
ence between the behavior of ρ before and after
the nanosandwiching process. Particularly, while
the ZZ sample shows band pass filter features with
notch frequency of 130 MHz, the ZAZ sample dis-
plays a notch frequency near 1300 MHz. Such fea-
tures of the produced films indicate the applicabil-
ity of ZAZ films in microwave technology as band
pass filters. The features of the currently reported
device are much different from those obtained by
the indium nanosandwiching between two layers of
ZnSe [9]. Namely, the ZnSe/In/ZnSe samples dis-
play a negative capacitance spectra with continu-
ously increasing impedance values with increasing
frequency. The notch frequency of the ZIZ filters
is 1.0 GHz. Thus, the Au nanosandwiching makes
the ZnSe microwave filters response to higher fre-
quency domains.

4. Conclusions
In this study, we succeeded in enhancing the

electrical properties of ZnSe thin films via gold
nanosandwiching between two layers of ZnSe. A
thin layer of Au was sufficient to increase the elec-
trical conductivity by three orders of magnitude

through engineering the barrier height at the grain
boundaries. The Au nanosandwiching was also
able to increase the alternating current conductivity
at high and low frequencies by at least one order of
magnitude. The investigations on the current trans-
port mechanisms have shown that the alternating
current conduction mechanism is dominated by the
quantum mechanical tunneling and correlated bar-
riers hopping below and above 150 MHz, respec-
tively. The Au nanosandwiching decreased both the
hopping energies and scattering time and increased
the density of localized states near the Fermi level.
The engineering of the electrical parameters pre-
sented by the conductivity, capacitance, impedance
and reflection coefficient spectra in the frequency
domain of 10 MHz to 1800 MHz, via Au nanosand-
wiching, make the ZnSe thin films more suitable
for electronic applications which require moderate
values of electrical conductivity and applications
that require microwave resonators.
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