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Semiconductor nanoparticles including those quantum-dimensional 
(quantum dots or QD) and the structures which they form constitute 
an important nanotechnology issue and are used in medicine for lumi-
nescent visualizing of cell structures [1,2]. An important task related 
to the synthesis, technology, research and application of semicon-
ductor nanoparticles is the controlled arranging of nanoparticles into 
structured assemblies serving as functional elements in building of 
optoelectronics and photovoltaic devices featuring unusual electron-
ic properties due to cooperative electronic effects [3]. The simplest 
but most technically viable option thereof consists in the self-ar-
rangement of nanoparticles on a substrate into a thin-film layer [4]. 
Structures of this kind can be called multigrain structures (MGS) by 
analogy with metals [5]. The electrophysical and optical properties 
of such structures depend on the material, size, shape and density of 
the nanograin crystallites, the degree of their contact and the medium 
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Abstract: Studying multigrain layers (MGL) formed by nanoparticles of 
Si, GaAs, InAs, InSb semiconductors and CdSe and PbS colloidal quan-
tum dots (CQDs) reveals that the current-voltage curves for InAs, GaAs 
and Si MGL and PbS CQDs are determined by nanoparticles’ tunneling 
from near-surface electron states. In the case of Si tunneling is replaced 
by thermionic emission when the temperature and voltage increase. For 
the CdSe CQD MGL the current-voltage curve is almost linear. Evalua-
tion of the current-voltage curves with gradual to-and-fro voltage alter-
ation revealed a hysteresis-type effect which can be attributed to the 
intergranular electron charge exchange. The PbS QD photoconductivity 
range was found to contain dark current suppression with maximum 
values within the wavelength range of 1600–2500 nm, which can be 
caused by impurity electron levels related to oxygen. Such effects, in-
dicative of photomemory occuring due to charge-carrier injection into 
MGL, can be utilized in photoluminescent or electroluminescent LEDs. 
Elaboration of CdSe and PbS nanoparticle self-arrangement mechanism 
enabled us to design a light source with multichannel element radiation 
spectrum control, which can be used for non-invasive biomedical quick 
testing. Multigrain structures are expected to be used in making such 
optoelectronic devices as solar cells and memory cells. 

Keywords: quantum dots, semiconductor nanoparticles, powders, 
multigrain structure, tunneling transmission, luminescence, hysteresis, 
conductivity submission, thermionic emission.
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filling the intergranular space. Such structures can 
be used in gas and optical sensors, receivers and 
sources of infrared radiation, or solar inverters. 

MGSs belong to random structures, whereof the best 
studied ones are polycrystalline semiconductors. 
Multiple publications concerning polycrystalline 
materials dwell upon densely packed structures with 
virtually non-existent spacing between nanograin 
crystallites. They are treated within the physical 
models of grain boundary electron scattering (for 
metals) or contact phenomena (for semiconduc-
tors). The distinctive feature of the MGS studied in 
this research is the relatively large spacing between 
the grains supporting the electrons’ emission from 
the grains into the spacing and injection from the 
spacing into the grains. We investigated these pro-
cesses by studying individual grains by scanning 
tunnel microscopy [6-9].

Examination of the electric current mechanics in the 
semiconducting MGSs which appear most advanta-
geous for implementaion, such as Si, GaAs, InAs and 
InSb, revealed that their behavior is conditioned by 
the mechanism of intergranular tunnel emission 
from the submicron particles’ surface electronic 
states. We have found out the emission parameters. 
We obtained the current (I) on voltage (V) depen-
dence formula (the current-voltage curve):

I/I0 ~ exp(–B0ZN/V), (1)

Where: B0 ~ 3.5(m/m0)1/2 ψ3/2; ψ [eV] stands for the 
value of the barrier for the electrons emitted from 
the nanoparticles; m/m0 signifies the effective elec-
tron mass in semiconductor; Z [nm] denotes the av-
erage interparticle spacing size and N designates the 
average number of conducting interparticle spacings 
along the current flow line (through-thickness di-
rection). 

A lot of promise is demonstrated by narrow-band-
gap semiconductors embodying favorable condi-
tions for manifestation of collective electronic ef-
fects [6,10].

The procedures of this research included a num-
ber of process studies and continued examination 
of current flow mechanics, as well as the photo-
electric properties of nanoparticle (and quantum 
dot) MGSs of the Si, GaAs, InAs, InSb, CdSe, PbS 
semiconductor group obtained in the laboratories 

of Saratov State University, Ref-Svet LLC (Saratov, 
Russia) and Research Institute of Applied Acoustics 
(Dubna, Russia).

Materials and Research Methods
In this study, we used submicron particles of sin-
gle-crystal semiconductors Si, GaAs, InAs and 
InSb, made by mechanical grinding in compliance 
with [11], and colloidal quantum dots (QDs) of CdSe 
and PbS semiconductors obtained by colloidal syn-
thesis [12]. Nanoparticles were deposited by elec-
trophoresis from suspensions in a thin cell [9] and 
by self-arrangement of assemblies on the surface 
during controlled evaporation of the solvent [4].

Self-arrangement and self-assembly in a droplet or 
thin film imply a limited timespan evolution of the 
system from the initial state, when the elements of 
the system enjoy mobility, to the final one, wherein 
the elements lose mobility, forming the final mor-
phology characterized by nanoparticle assembly 
structural rigidity.

The initial suspension was made with isopropyl al-
cohol which was chosen experimentally as the most 
appropriate solvent. The solution’s optimal particle 
concentration was estimated at 2 g per 40 ml.

Electrophoretic precipitation was ensured by add-
ing 1 ml of the charger [Al(NО3)3+La(NO3)3] 0.1 M 
water solution and 0.3 ml of the dispersant (glyc-
erine). The suspension was treated with an ultra-
sound-emitting immersion probe alongside with 
constant stirring for three hours. During the parti-
cles’ precipitation the substrate acted as the cath-
ode and was positioned horizontally above the bath 
bottom covered with a conductive layer of ITO and 
acting as the anode, the anode-to-cathode distance 
being 0.5 mm. The precipitation was performed for 
1 min at 15 VDC. Upon completing precipitation 
the sample was rinsed with acetone and air-dried 
at 120 °С.

The multigrain layer nanoparticle size and structure 
was monitored using scanning electronic (SEM) mi-
croscopy and tunneling (STM) microscopy [11].

The procedure yielded 3D nanostructure assem-
blies with multilayer morphology. The SEM and 
STM visualization of typical experiment results 
are shown in Figure 1 (GaAs, most particles not 
exceeding 100 nm). Comparison between the two 
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above-described procedural approaches revealed 
that the denser particle layer packing was yielded by 
cataphoretic deposition. 

Substrate deposition of colloid quantum dots fea-
tures certain peculiarities due to the relatively high 
viscosity of the suspension stabilizer which prevents 
the particles from sticking together but renders the 
deposited layer uneven. This issue was addressed by 
replacing the stabilizer with ethanol immediately 
prior to commencing the deposition. The latter was 
accomplished by multiple mixing of the initial sus-
pension with an adjusted proportion of ethanol in 
an Eppendorf tube with their subsequent centrifuge 
separation.

The MGS current flow mechanics was examined 
by performing the analysis of the current-voltage 
curves obtained by the procedures described in the 
paper [9]. One of the problems encountered during 
current-voltage curve analysis is that of ohmic con-
tacts with the MGS. In earlier research this issue 
was addressed by studying the contact resistance 
using both the researcher’s own data and those ob-
tained from literature [13]. Supplementary to the 
earlier implemented examination methods [9] this 
research used electron beam vacuum tubes. The 
samples constituted an anode-grid-cathode triode 
with the flat anode being covered with the MGS. The 
sample’s single substrate located all the types of 
the studied materials and the test element for cur-
rent-voltage curve monitoring of the system formed 
by the grid and MGS-electrode. The test element 
voltage drop values were estimated in relation to 
the sample voltage values for each of the measured 
current values. This facilitated estimation of the 
MGS voltage drop values and, respectively, draw-
ing of the MGS current-voltage curves. Another 
advantage of the vacuum method implementation 
was that it provided the opportunity of studying 
the temperature dependencies of the current-volt-
age curves by protecting the current-voltage curves 
from the atmospheric impact which was registered 
and required compensating measures during open-
air measurements.

The photoelectric properties were studied using 
a spectrometric modification of MDR-41 mono-
chromator with replaceable diffraction grating. 
The photoconductivity evaluation circuit diagram 
included a direct-current power supply, the sam-
ple and a 300 kΩ load resistor placed at the output 

Figure 1. Multigrain layer SEM (a) and STM (b) images

a

b

analog-to-digital converter from which the signal 
was picked up. The light was emitted by a halogen 
lamp, passed through a light filter and then through 
the monochromator, its spectrum being scanned at 
70 nm/min with the scanning pitch determined by 
the diffraction grating resolution.

Current Flow Mechanisms
The MGS conductivity is determined by the lin-
ear current circuit intergranular processes [9, 14], 
among which three current flow mechanisms are 
possible, namely the ohmic one through direct par-
ticle contacts, the tunneling and thermionic emis-
sion. The current-voltage curve demonstrates the 
features of the rate-controlling process. It is obvious 
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that the electrons are transported from the surface 
grain layer which features the thickness compara-
ble with the de Broglie wavelength of an electron, 
which in case of the studied semiconductors may be 
as large as dozens of crystalline monolayers. 

The ohmic contact was not studied in this research 
as the current-voltage curves of the structures ex-
amined herein are conspicuosly non-linear, whereas 
the evaluation of the contact resistance values is 
unfavorable towards the ohmic mechanisms version 
as well [9, 13, 14]. The current-voltage curves for the 
tunneling and thermionic emission demonstrate 
exponential dependence described, respectively, by 
formulas I ~ Aexp[B/V] и I ~ Aexp[BV]. Another typi-
cal feature of such processes is the В ~ Т temperature 
dependence, which is weak for tunneling and strong 
for emission.

MGS with Submicron Particles
Examination of the current-voltage curves for the 
InAs and GaAs samples revealed that in all the cases 
the I ~ Aexp[B/V] dependence tunneling character 
manifestation featured high approximation reli-
ability value R2 ~ (0.9913–0.9972). On the contrary, 
the dependencies of the I ~ Aexp[BV] type had an 
unacceptable level of R2 value at 0.92–0.96.

Figure 2 shows the current-voltage curves for dif-
ferent temperatures. They reveal the B value’s 
weak temperature dependence of temperature T. It 
is also notable that temperature growth decreases 

Figure 2. Current-voltage for InAs (1, 2, 3) and GaAs (1*, 2*, 3*) 
samples at different temperatures: 1, 1* – 295 К; 2, 2* – 333 К; 
3, 3* – 383 К

the value of current for the narrow-bandgap InAs 
while increasing it for the wide-gap GaAs. This can 
be explained by the impact which the electron con-
centration level has on such tunneling parameters 
as mobility (effective mass) and work function. The 
rise in temperature triggers a certain growth of the 
conductivity electron concentration in the nar-
row-bandgap InAs, decrease of their mobility (the 
effective mass increasing), while the work function 
remains almost the same [15]. 

This results in decreasing tunneling probability 
and, respectively, current values. As for GaAs, the 
temperature increase causes a significant growth of 
conductivity electron concentration and, respective-
ly, change in Fermi characteristic energy level thus 
bringing about a drop in work function entailing 
increase of the current values. The current-voltage 
curves parameters do not demonstrate significant 
changes.

Figure 3 demonstrates the Si MGS current-voltage 
curves in coordinates lnI ~ 1/V (a) and lnI ~ V (b). At 
the temperatures 295 K and 333 K for voltage val-
ue being V > 5V the current-voltage curves can be 
efficiently (R2 > 0.995) approximated by tunneling 
mechanism dependency and by the thermionic one 
for 333 K at V < 5V or for 383 К at any V value. 

In all the examined cases the tunneling and ther-
mionic emission are competitive: the rise of tem-
perature facilitates thermal emission while the 
voltage growth causes tunneling (provided that the 
surface particle layer of the semiconductors with 
n-type conductivity is electron-rich and the volt-
age polarity plus is on the n-type sample). The А3В5 
semiconductor varieties are different from silicon 
in that their electron mobility exceeds that of the 
latter almost ten-fold which implies a lower effec-
tive mass. It results in a much higher tunneling 
probability. Therefore in all the cases regardless of 
the temperature and voltage values InAs and GaAs 
steadily manifest tunneling with such recognizable 
I-V curve properties as lnI ~ В/V and weak В ~ Т tem-
perature dependence. Unlike that, in silicon tunnel-
ing is manifested at a higher voltage and relatively 
low temperatures.

Quantum Dot MGS
The research [10] studied the current-voltage curves 
of the MGS with submicron-size semiconducting 
particles with the dimensions ranging between 0.1 

NANOTECHNOLOGY
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and 1 1 µm. It was found out that the current-voltage 
curves follow formula (1). We found the values of 
B0 and NZ, as well as that of the emission clearance 
threshold field intensity Eп:

B0 (V/nm):  
for InSb ~ 2.5; InAs ~ 4.0; GaAs ~ 5.0; Si ~ 12.

NZ (nm)  
V for InSb ~ 50; InAs – ~ 30; GaAs – ~ 15, Si – ~ 5.

Eп (V/cm):  
for InSb ~ 4·106; InAs ~ 6·106; GaAs ~ 8·106; Si ~ 2 · 107.

This research has examined the I-V curves for col-
loid quantum dot MGS. Figure 4 demonstrates the 
current-voltage curves for PbS and CdSe QD MGS 
with 2–5 nm quantum dots. The PbS QD MGL I-V 
curve can be efficiently approximated under for-
mula (1) within the entire measurement range at 
B0NZ ~ 17 [В] (Figure 4a).

Such approximation cannot be performed for the 
CdSe QD MGS while its current-voltage curve is 
almost linear. At a separate I-V curve section for-
mula (1) approximation can be performed within a 
limited range at B0NZ ~ 1.5 [В] (Figure 4b).

The small B0NZ values found when dealing with 
quantum dots can signify that the values B0 ~ 3.5 (m/
m0)1/2 ψ3/2 are extremely small for them, so establish-
ing of m/m0 ~ (0.05–0.1) and NZ ~ 10 can render the 

Figure 3. Si MGS current-voltage curves for different temperatures in the reference axes 
for (a) tunneling and (b) thermionic emission

a b

b

Figure 4. PbS (a) and CdSe (b) quantum dot MGS current-
voltage curves 

a
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Optoelectronic Properties 
of the PbS and CdSe MGS
So far practical application of semiconducting 
nanoparticles including quantum-sized ones (col-
loid quantum dots) is confined to acting as phos-
phors in LEDs and highlighters. ‘Traditional’ in-
strumental applications are limited by the lack of 
reliable structures among those most practically 
expedient whereof the broadest applicability is 
demonstrated by the layer-upon-substrate struc-
ture. The latter’s application in instruments requires 
further studies similar to the present one.

An important peculiarity of the semiconducting 
nanoparticle instrumental application philosophy 
is the possible usage of substrates featuring com-
plicated (three-dimensional) structure such us a 
bulk-porous one like porous silicon or multichan-
nel one like glass. As it was shown by the analysis, 
structures of this kind can serve the baseline for de-
velopment of solar cells, image intensifiers or spe-
cialized light sources. These opportunities are being 
studied by the authors of this research.

Photoconductivity
Photoconductivity is an important parameter of film 
structures and its research can yield most prom-
ising results when involving the films with varied 
micro- and nanostructure [16]. The most notable 
manifestations of changes in structure and photo-
electric properties can be found in nanostructured 
PbS [17] due to the narrow range of the dimensional 
distribution of its individual grains, as well as to its 
layer photoconductivity mechanics being condi-
tioned mainly by changing concentration of non-
equilibrium carriers in separate quantum dots [18]. 
Meanwhile the conductivity of nanopowder MGS 
is conditioned mainly by free carriers’ energy 
growth caused by electric field application and is 
not strongly affected by illumination.

In this research the PbS quantum dots were deposit-
ed upon a glass substrate with film aluminum con-
tacts to form a layer similar to a thin film produced 
by chemical precipitation [19], as demonstrated in 
Figure 6a. When connected to an electric circuit the 
deposited QD layer provided photoresistance, its 
photosensitivity range (as can be seen in Figure 6b) 
being dependent on the supplied voltage value (5 
and 10 V). The sample’s photosensitivity ranged 
within 500–1500 nm with a discernible peak value at 
1100 nm thus notably differing from the sensitivity 

Figure 5. Typical diagram for GaAs particle MGS current-
voltage curve relative current difference in darkness and when 
exposed to light

ψ value well below one eV, which is much lower than 
the studied semiconductors’ work function value.

Hysteresis of the current-
voltage curves
Conductivity kinetics and nonstationary effects ob-
served in random structures including multigrain 
ones are important features of the latter [14]. 

Evaluation of the current-voltage curves with grad-
ual application of voltage from minus to plus and 
vice versa revealed a faint hysteresis-type effect 
which can be attributed to the delayed intergranu-
lar electron charge exchange and the charge-lim-
ited current (the difference of currents in the cur-
rent-voltage curve being negative) during the 
transition of electron between the MGS grains by 
tunneling emission. Illumination intensified mani-
festation of hysteresis. Figure 5 specifies the respec-
tive values of the current-voltage curve difference 
during to-and-fro voltage scanning. The cur-
rent-voltage curves voltage difference was positive 
under illumination which can be explained by the 
emission current growth due to the grain electron 
concentration increase by band-to-band transition 
and conductivity electrons energy increase facilitat-
ing their overcoming of the tunneling and emission 
barriers. Scanning of the voltage application mode 
performed within examination of the current-volt-
age curves revealed their unstable behavior which 
can be attributed to the unstable duration of the in-
tergranular spacing charge exchange due to switch-
ing between the parallel current channels.

NANOTECHNOLOGY
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of conventional polycrystalline PbS photoresistors 
with the principal photosensitivity range of 1500–
3000 nm [20]. It is remarkable that at wavelengths 
exceeding 1500 nm the signal was virtually always 
weaker than in darkness (achieving maximum val-
ues at ~ 1600, 2200, 2500 nm, see Figure 6) and 
changed from one measurement to another which 
can indicate processes similar to dark conductivity 
suppression. This can be brought about by impuri-
ty electron levels related to oxygen. With a higher 
supplied voltage the photocurrent peak values were 
registered in the shortwave part at 550, 670 and 

Figure 6. PbS QD layer (a) morphology electronic microscope image and (b) photoconductivity range

a b

Figure 7. Output glow of CdS/CdSe QD MGS excited 
by violet LED

820 nm of approximately the same width. There is 
no exhaustive explanation for these peaks though in 
the papers dwelling upon deposition of PbS QD lay-
ers by electrophysical and optical methods similar 
peaks were found in the absorption spectrum [21] 
and that of the solar cells’ external quantum effi-
ciency [22], which the authors attributed, respec-
tively, either to the QD electron structure or with the 
ligands and the dissolvent. 

It is evident that within the studied model of inter-
granular electron transport the MGS photoconduc-
tivity and its spectral dependence are determined by 
ways of the light affecting electron emission which 
include photoemission and light-induced field 
emission and tunneling emission from the surface 
grain level electron states. This vision requires a 
separate systematic research.

Photoluminescence
This one can be illustrated by the preliminary results 
yielded by the efforts aimed at developing a multi-
channel structure quantum dot light source with a 
number of separately controlled spectral bands [23]. 
In order to form a light source the quantum dots 
of different semiconductors have to be arranged 
in such a way that the QD with a longer lumines-
cence wavelength band would be placed closer to the 
multichannel structure’s center so that their lumi-
nance could pass through the QD having higher-en-
ergy radiation quanta without getting absorbed by 
them. Thus multichannel structure can serve the 

SCIENTIFIC RESEARCH AND INNOVATION 2020;1(1):22-30
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framework for building a multiband spectral light 
source by depositing quantum dots of different types 
in a definite combination either simulatneously 
through a specially designed ‘mask’ on one of the 
flat ends or by building the source from separate 
microchannels which have their surfaces covered 
with QD of different semiconductors. 

Figure 7 demonstrates the output glow emitted by 
a multichannel element with CdSe (2–3 nm) and 
PbS (4–5 nm) quantum dots when excited by a violet 
LED. An OS-17 optical filter was used to completely 
block the exciting violet radiation. The research is 
still in progress involving QD of various composi-
tion featuring high quantum efficiency to ensure a 
broader spectrum range.

Results
Analysis of the current-voltage curves reveals 
that their behavior for InAs and GaAs within the 

temperature range Т = (295–383) К and Si (333 K) 
for voltage V > 5 V and 295 K for the entire V mea-
surement range is determined by intergranular tun-
neling emission from surface electronic nanoparticle 
states, and by thermionic emission for Si (Т = 333 К 
at V > 5V and Т = 383 К). The PbS QDs MGS are ef-
ficiently approximated by tunneling. The CdSe 
QDs MGS defies such approximation while the cur-
rent-voltage curve itself is almost linear. Evaluation 
of the current-voltage curves with gradual to-and-
fro voltage alteration revealed a hysteresis-type ef-
fect which can be attributed to the intergranular 
electron charge exchange and the charge-limited 
current. The PbS QD photoconductivity range was 
found to contain peak photoconductivity at 550, 
670 and 820 nm and dark current suppression with 
maximum values ~ 1600, 2200, 2500 nm. Multigrain 
structures can be used in making such optoelectron-
ic devices as solar cells, image intensifier tubes or 
light sources supporting spectrum control.
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