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Tuning in the size of silicon nano-crystallites (Si-ncs) has been realized simply by controlling the thickness of 

nc-Si:H sub-layer (tnc) in the a-Si:H/nc-Si:H superlattice thin films grown by low temperature plasma 

processing in PE-CVD. The vertical electrical transport phenomena accomplished in superlattice films have 

been investigated in order to identify its effective utilization in practical device configuration. Reduced size of 

the Si-ncs at thinner tnc and the associated band gap widening due to quantum confinement effect generates 

the Coulomb potential barrier at the a-Si/nc-Si interface which in turn obstructs the transport of charge 

carriers to the allowed energy states in Si-ncs, leading to the Poole-Frenkel tunneling as the prevailing charge 

transport mechanism in force. The advantages of conduction process governed by Poole-Frenkel mechanism 

are two-fold. The lower barrier height caused by the a-Si:H sub-layer in the superlattice than the silicon oxide 

sub-layer in conventional structures enhances the conduction current. Moreover, increasing trapped charges 

in the a-Si:H sub-layer can arbitrarily increase the current conduction. Accordingly, a-Si:H/nc-Si:H superlattice 

structures could provide superior electrical transport in stacked layer devices e.g., multi-junction all silicon  

solar cells.

 Introduction 

Tune-ability in optical band gap due to quantum size effect of 

silicon nano-crystals (Si-ncs) has increased the application potential 

of nano-crystalline silicon (nc-Si) thin films in optoelectronics 1–5 

and third-generation photovoltaics.6–9 In order to accomplish such 

band gap tuning, superior control over the size of the Si-ncs and 

subsequent size-distribution can be achieved by various 

configurations, mostly forming Si-ncs in dielectric matrices and in 

superlattice structures.10–13 Among those, nano-scaled superlattice 

structures with alternate Si-rich layer and Si3N4/SiO2/SiC dielectric 

layer with high temperature (~1100 °C) post-deposition annealing 

has attracted substantial attention as they provide spontaneous nano-

crystallization and superior size-control.14–18 However, such an 

essential high-temperature annealing step makes the process badly 

device-unfriendly, and the presence of the surrounding dielectric 

barriers around the Si-ncs severely affects the electrical transport 

process of the charge carriers. In order to minimize such obstruction 

in the charge transport, the dielectric layers should be thin enough 

(~2 nm) and the Si-ncs need to be closely spaced so as to allow the 

overlapping of the wave-functions in between the adjacent Si-ncs, 

which are mostly critical in device application.19 In this regard, low 

temperature deposition of a-Si:H/nc-Si:H superlattice wherein thin  

a-Si:H sub-layers provide lower dielectric barrier and the size of the 

Si-ncs are tuned by the thickness of the ultrathin nc-Si:H sub-layers 

without post deposition annealing, could significantly improve the 

device feasibility.  

In semiconductor superlattice thin films wherein Si-ncs are 

surrounded by various barrier layers, diverse electrical conduction 

phenomena may arise. In superlattice structures consisting of Si-rich 

layer and SiO2 barrier layer, space charge limited conduction 

(SCLC) and the phonon assisted tunneling mechanism may take 

place.20,21 In case of silicon nitride barrier layer, Fowler–Nordheim 

(FN) tunneling and also SCLC have been found to be the dominant 

conduction mechanism.22,23 The Poole-Frenkel tunneling (due to the 

field enhanced thermal excitation of trapped electron into the 

conduction band) can be the dominant mechanism in various 

superlattices with different kinds of high dielectric barrier layers.24 

Interestingly, the above said conduction mechanisms available in 

literature are restricted to the specific superlattice structure in which 

the crystalline layers are sand-witched between highly dielectric 

barriers. In addition to that, there are a few reports on the conduction 

modes dominantly controlled by the size of Si-ncs. The present 

investigation deals with the electrical transport phenomena 

prevailing in a-Si:H/nc-Si:H superlattice structures and its 

dependence on the size of Si-ncs at and around the Bohr radius of Si. 

Experimental Details 

In forming the superlattice (SL) thin films, the alternative layers of 

hydrogenated amorphous silicon (a-Si:H) and nanocrystalline silicon 

(nc-Si:H) wherein Si-ncs are embedded in a-Si:H matrix were  
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Figure 1. Schematic diagram of the superlattice structure with alternate  

a-Si:H and nc-Si:H sub-layers. 

deposited in a rf (13.56 MHz) capacitively coupled plasma chemical 

vapor deposition unit from hydrogen diluted silane (SiH4 + H2) 

plasma. During the superlattice formation, the substrate temperature 

was kept constant at 180 °C and the other deposition parameters 

were changed for two individual layers. The flow rate of SiH4 and 

H2, gas pressure and the electrical power applied to the plasma were 

maintained at 95 sccm, 5 sccm, 3 Torr and 15 W for the deposition 

of a-Si:H layers, while those were changed to 99.5 sccm, 0.5 sccm, 4 

Torr and 40 W for growing the nc-Si:H layers. In addition to the 

effective contribution of specific SiHn precursors of longer diffusion 

length from the dissociation of SiH4 in the plasma, high atomic H 

density in H2-diluted SiH4 at high level of electrical excitation in 

PECVD has been found to be instrumental in facilitating the growth 

of nc-Si:H network.25 Atomic H of the plasma not only acts as the 

terminator of the dangling bonds but also plays an important role in 

the chemical reactions during the propagation of the Si network, by 

offering either topological freedom or chemical potential to the 

growing surface.26 Accordingly, for growing the alternate layers of 

a-Si:H and nc-Si:H, mostly the H2-dilution and the applied RF power 

were grossly changed at optimum pressure and fixed substrate 

temperature. For different SL-thin films, the thickness of the nc-Si:H 

layers (tnc) were varied between 11 to 3 nm, by changing only the 

deposition time for each stacking layer, while the thickness of the  

a-Si:H layers were kept fixed at ~4.8 nm. The deposition rate of the 

a-Si:H and nc-Si:H sub-layers were estimated from the thickness of 

the individual bulk layers deposited separately in each case. The SL-

thin films were deposited on Corning® Eagle2000TM glass and 

transparent conducting oxide (TCO) substrates for various structural 

and electrical measurements. Each SL-thin film was grown with  

a-Si:H sub-layers on both ends and the total thickness of each 

sample was maintained at around 200 nm, by changing the number 

of bi-layers. A schematic diagram for representative superlattice 

structure has been depicted in Figure 1. 

The thickness of the samples was estimated using a Dektak 6M 

profilometer. Small angle X-ray diffractometry with incident beam 

at glancing angle (GISAX) was performed with Cu Kα X-ray 

radiation (λ=1.5418 Å) source in Bruker (D8 Advance) system. The  

wide angle X-ray diffractometry was done using a Cu Kα X-ray 

radiation (λ=1.5418 Å) source and a Bragg diffraction set-up (Rich 

Seifert 3000P). Electrical transport measurement was performed 

within vacuum of 5×10-6 Torr at room temperature in sandwich 

configuration with circular Al electrodes grown by thermal 

evaporation on SL-thin films deposited on TCO substrates. The 

current density was evaluated from the current measured using a 

Keithley 6517A electrometer. 

Results and Discussions 

Structural Characterization 

Small Angle XRD The periodic structure of the SL-thin films 

consisting of alternative layers of a-Si:H and nc-Si:H has been 

investigated from the small-angle XRD (GISAX) in the limited  

2Θ-span of 0.5° to 4.0°. For the superlattice thin film with the  

nc-Si:H layer thickness tnc=11 nm, the 2nd order (m=2) diffraction 

peak at 2Θ~ 1.16° has been identified, as shown in Figure 2(a), 

which demonstrates the attainment of periodic structural 

configuration in the grown material. On gradual decrease in the 

thickness tnc, the corresponding reduction in the periodic thickness 

(ta + tnc) has been endorsed by the systematic shift of the diffraction 

peaks towards higher magnitude of 2Θ. The 2nd order (m=2) peaks 

for tnc=11 nm, 8 nm, 6 nm and 4 nm are observed at 2Θ = 1.16°, 

1.46°, 1.76° and 1.96°, respectively. The 1st order diffraction peak is 

expected to appear in such cases at a very low magnitude of 2Θ 

which is beyond the limit of the present experimental capability. 
However, the appearance of the 1st order peak with continuously 

increasing intensity for systematic lowering of tnc is clearly evident 

from the corresponding curves in Fig. 2(a). In this sequence of 

reducing the thickness of nc-Si:H sub-layers, for tnc=3 nm the 1st 

order (m=1) peak has been observed at 2Θ~1.10°. The 1st order peak 

is so intense that in order to accommodate it within the similar 

geometric space in a linear scale, the 2nd order peak appears virtually 

insignificant compared to others (with tnc= 11, 8, 6 & 4 nm). The 2nd 

order peak is evident in a separate logarithmic plot at the inset of 

Fig.2(a). The experimental periodic thickness (ta + tnc) of each SL-

thin film has been estimated using Bragg’s equation with 1st or 2nd 

order diffraction peaks and has been compared with the same 

obtained from conventional measurement of the thickness using 

surface-profilometer. The excellent linearity of the data points 

shown by the solid line in Figure 2(b), identifies the consistency of 

the estimation between samples, while the slope of the plot, = 0.91, 

demonstrates the excellent one-to-one correspondence in between 

these two experimental techniques on the evaluation of periodic 

thickness within the range under investigation.27–30 

X-ray diffraction studies The variations in the degree of crystallinity 

in the superlattice films due to reduction in the thickness of nc-Si:H 

sub-layers (tnc) have been investigated from X-ray diffraction (XRD) 

studies.  The XRD patterns of the SL-films with different tnc have 

been represented in Figure 3. In case of the bulk (single layer)  

nc-Si:H film of thickness 200 nm, deposited separately, the 
corresponding XRD spectrum shows three distinct peaks at 28.4°,   
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Figure 2. (a) The 1st and 2nd order diffraction peaks obtained in the small angle X-ray diffraction spectra of superlattice films with different thickness (tnc) of 

nc-Si:H sub-layers. The inset presents the enlarged view of the 2nd order peak for tnc= 3 nm. (b) Periodic thickness (ta + tnc) of the superlattice films measured 

from the surface-profilometer showing one-to-one correspondence with the same calculated from the diffraction peak positions.

47.3° and 56.1°, which are identified as <111>, <220> and <311> 

lattice planes of crystalline silicon, respectively.10  

For the superlattice structure with tnc=11 nm, the XRD peaks 

appear at the same positions, however the intensity and the 

distribution of the peaks have been changed significantly.  Each peak 

continues to reduce in intensity and turns blunt in sharpness on 

gradual thinning of tnc. For tnc < 6 nm virtually the signature of only 

the <111> peak is obtained and that persists even for tnc ~3 nm. 

 
Figure 3. The wide angle XRD of different superlattice thin films showing 

the diffraction peaks of the crystalline Si. Inset shows the average size of the 

silicon nano-crystallites as a function of tnc. 

 

 Formation of silicon nano-crystals (Si-ncs) even within the ultra-

thin (~3 nm) nc-Si:H sub-layer has been made possible owing to the 

presence of underneath a-Si:H sub-layer that performs as a virtual 

incubation layer, promoting the formation of Si-ncs at the chosen 

parametric condition.25,31 The growth of Si-ncs extends all through 

the nc-Si:H sub-layers, as evidenced by the almost linear variation of 

size (d) of Si-ncs (estimated by Scherrer’s formula) with the changes 

in nc-Si:H sub-layer thickness (tnc), shown at the inset of Figure 3.32 

 

Transmission Electron Microscopy Studies The physical 

existence of the Si-ncs in the a-Si:H/nc-Si:H SL-films has been 

demonstrated by transmission electron microscopy (TEM) studies on 

representative sample with tnc=6 nm, prepared on carbon coated  

Cu-grids with 3 bi-layers each of (tnc + ta) thickness. The plain view 

TEM micrograph in Figure 4 identifies the deep dark spots as the  

Si-ncs which are randomly distributed in the relatively bright a-Si 

matrix. Individual lattice planes of c-Si are clearly identified in the 

HR-TEM micrograph and the diffraction rings corresponding to 

<111>, <220> and <311> planes of c-Si are exhibited in the 

corresponding selected area electron diffraction (SAED) pattern, as 

shown in the insets. The average size of the Si-ncs appears in the 

order of nc-Si:H layer thickness (tnc), while the intensity of the 

diffraction rings of individual planes seems to reduce proportionally 

as obtained in the X-ray diffraction pattern in Figure 3. Sufficiently 

high density tiny Si-ncs have been grown even within a narrow 

thickness of the nc-Si:H sub-layer, tnc ~3 nm, while the size of the 

Si-ncs has been limited by the thickness of the nc-Si:H sub-layer by 

terminating its growth in repeated cycles. 
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Figure 4. The plain view TEM micrographs of a-Si:H/nc-Si:H superlattice 

thin films with tnc=6 nm. Insets shows the SAED pattern and high resolution 

TEM micrograph, demonstrating presence of Si-ncs with different lattice 

planes. 

Electrical Transport Properties 

The vertical electrical transport properties of the superlattice thin 

films have been measured in a sandwich configuration. These films 

were grown on ITO-coated glass substrates and on the top of the 

samples Al electrodes were deposited. In order to minimize the 

difference that may arise between samples, each superlattice film has 

been grown with identical a-Si:H layer both at the bottom and the 

top. In spite of this utmost care, uniqueness in the current-voltage 

characteristics cannot be established because of two different 

contacts, ITO and Al, at two ends; and that is unavoidable in present 

experimental configuration. However, it is to be noted that when the 

electric field was reversed an excellent mirror symmetry was evident 

in the J –E characteristic in each case. In addition, the total thickness 

of the SL-thin films was maintained at ~200 nm to avoid the 

thickness dependence of the electrical properties, if any. 

Figure 5 shows the variation of the current density (J) plotted as a 

function of applied electric field for different SL-thin films with 

reducing nc-Si:H layer thickness (tnc) varying from 8 to 3 nm. It has 

been identified that in each case the current density increased very 

fast at lower electric fields and gradually attained a virtual 

saturation. It is noted that the sharpest change in slop of the curves, 

i.e., the transition point corresponding towards attaining saturation 

(marked by the arrow in Figure 5), gradually shifted towards higher 

electric fields on decreasing tnc. Moreover, the saturation current 

density (JSat) is of highest magnitude at tnc=8 nm and that reduced 

very fast for 8 ≥ tnc ≥ 5 below which the JSat attained a virtual 

overload. 

Investigation on the current-voltage characteristics seems to 

provide adequate methods for distinguishing between the different 

mechanisms of charge transport for DC conductivity at low and high 

electric fields. The main mechanisms proposed for the observed 

behavior include direct tunneling (DT), Schottky emission (SE), 

Fowler-Nordheim (FN) tunneling, Poole-Frenkel (P-F) conduction 

and the space charge limited current (SCLC) conduction, depending 

upon the magnitude of thickness of the barrier layer and its nature of 

conduction.33–35 Among those Schottky emission effectively takes 

place in case of metal-semiconductor junction; again space charge 

limited current involves the conduction in a doped material, both of 

which are beyond the present concern. On the other hand, current 

conduction by direct tunneling occurs across an ultrathin barrier 

layer.33 It has been previously reported that for an oxide barrier layer 

with thickness ~ 5-50 nm, the current conduction is explained by 

Fowler-Nordheim tunneling.34  

In a hybrid network in which Si-ncs are embedded in the a-Si:H, 

a-SiOx , a-SiNx or a-SiCx matrix the prevailing electrical transport 

phenomena has been discussed in our previous reports.10,11,36,37 A 

variety of different electrical conduction phenomena viz., space 

charge limited conduction (SCLC), Fowler–Nordheim (FN) 

tunneling, Poole-Frenkel (PF) tunneling, etc have been identified in 

superlattice structures in which the crystalline layers are sand-

witched between highly dielectric barriers e.g., silicon oxide or 

silicon nitride.20-24 In order to find the specific electric transport 

characteristics ensuing in the present set of semiconducting thin 

films with a-Si:H/nc-Si:H superlattice structure, in particular, the 

J(E) data have been fitted to the Poole-Frenkel equation: 

                               (i) 

or,       (ii) 

where, J is the current density, E is the electric field, C1 is the 

proportionality constant, q is the charge of carrier (e
-
 in this case), 

B is the Coulomb barrier height, ε is the dynamic dielectric 

constant, is the Boltzmann constant and T is the 

temperature.24,38,39 The SL-thin films with tnc between 8 nm and 3 nm 

 
Figure 5. The current density vs. electric field plots for various superlattice 

thin films. 
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Figure 6. (a) The representative plot of ln(J/E) vs. sqrt(E) for superlattice thin film with tnc=5 nm showing the validity of Poole-Frenkel mechanism of charge 

transport. (b) The variation of dynamic dielectric constant with decreasing tnc exhibiting a faster change in magnitude for tnc < 6 nm. 

follow the straight line variation in the ln(J/E) vs, E1/2 plots in 

individual energy range (as shown in Figure 6(a) for tnc=5 nm), 

however SL-thin film with tnc=11 nm does not follow the same 

relation, perhaps due to the larger size of silicon nano-crystallites. It 

has been noted with interest that the straight line segment in the 

ln(J/E) vs. E1/2 plots extends only for a limited range along E1/2-axis 

beyond which J(E) enhances very rapidly, rather uncontrollably 

(data not shown in the plot), which makes it categorically different 

from the space-charge limited carrier transport40 where similar 

straight line plot extends over several decades of magnitude along 

E1/2-axis. Furthermore, the F-N tunneling that occurs due to the 

tunnel emission of trapped electrons into the conduction band, is 

followed by the relation: ln(J/E2) E-1 which is not being observed 

in the present case. Accordingly, it is believed that the Poole-Frenkel 

(P-F) mechanism of charge transport is in effect for the SL-films 

under investigation.20,41   

Poole-Frenkel theory, in general, considers the trapping and  

de-trapping rates, which modulate the dielectric constant of the 

films. The dynamic dielectric constant (ε), as measured from the 

slope of ln(J/E) vs. E1/2 plots, has been plotted for different tnc in 

Figure 6(b), showing continuous reduction of ε from 27.22 to 1.77 

on gradual decrease in tnc, however, the reduction in the magnitude 

of ε happens to be significantly fast for tnc <6 nm. In the previous 

reports by this group it has been shown that in a hybrid network in 

which Si-ncs are embedded in the a-Si:H or a-SiOx the optical 

dielectric constant can be reduced significantly as a consequence of 

size-reduction of the Si-ncs and/or decaying crystallinity.42,43 

Likewise, in the SL-thin films, the thinning of tnc resulted in the 

reduced overall crystallinity and also the reduced size of Si-ncs, 

which might have led to the lowering of the dynamic dielectric 

constant, making the validity of P-F mechanism more plausible.  

Conduction through a dielectric barrier having some trapped 

charge inside it can be governed by Poole-Frenkel mechanism. In 

case of present a-Si:H/nc-Si:H superlattice structures, Poole-Frenkel 

conduction could result from the field-enhanced excitation of 

charges trapped within the a-Si:H barrier layer into the conduction 

band of Si-ncs existing within nc-Si:H network. The advantages of 

conduction process governed by Poole-Frenkel mechanism are two-

fold. The barrier height generated by the a-Si:H sub-layer in the 

superlattice is much lower than the same for the silicon oxide sub-

layer in conventional superlattice structures, thereby enhancing the 

conduction current. Moreover, increasing trapped charges in the  

a-Si:H sub-layer can arbitrarily increase the current conduction 

across the superlattice of the ultimate device structure. Accordingly, 

a-Si:H/nc-Si:H superlattice structures developed in the current work 

may provide superior electrical transport when used as the active  

i-layer in stacked layer devices e.g., multi-junction all silicon solar 

cells. 

Conclusions 

Size of the silicon nano-crystallites (Si-ncs) has been tuned by the 

thickness of nc-Si:H sub-layer (tnc) in the a-Si:H/nc-Si:H superlattice 

thin films and the effect of the Si-nc size on the electrical transport 

properties has been investigated. High density tiny Si-ncs have been 

grown even within a narrow tnc ~3 nm and it has been made possible 

by the assistance of the underneath a-Si:H sub-layer, performing as 

the virtual incubation layer at a specific plasma parameter and 

thereby promoting the formation of Si-ncs. Formation of the precise 

super-lattice structures has been acknowledged by the SAX data, 

while the wide angle XRD results have demonstrated the 

effectiveness of the nc-Si:H sub-layer thickness (tnc) in controlling 

the size of Si-ncs. The Poole-Frenkel tunneling has been identified 
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as the charge transport mechanism, prevailing in the present set of  

a-Si:H/nc-Si:H superlattice thin films. Reducing size of the Si-ncs at 

thinner tnc and the associated band gap widening due to quantum 

confinement generates the Coulomb potential barrier at the  

a-Si:H/nc-Si:H interface which in turn obstructs the transport of 

charge carriers to the allowed energy states in Si-ncs, leading to the 

Poole-Frenkel tunneling mechanism in effect. The advantages of 

conduction process governed by Poole-Frenkel mechanism are two-

fold. The lower barrier height caused by the a-Si:H sub-layer in the 

superlattice than the silicon oxide sub-layer in conventional 

structures, enhances the conduction current. Moreover, increasing 

trapped charges in the a-Si:H sub-layer can arbitrarily increase the 

current conduction. Accordingly, a-Si:H/nc-Si:H superlattice 

structures could provide superior electrical transport in stacked layer 

devices. The a-Si:H/nc-Si:H superlattice  films grown by low 

temperature plasma processing compatible to complementary metal 

oxide semiconductor (CMOS) technology deserves enormous 

application potential as active materials in optoelectronics and 

photovoltaic devices, e.g., multi-junction all silicon solar cells. 
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