
Investigation of Photovoltaic and Optical Properties

T.YA. GORBACH, P.S. SMERTENKO, E.F. VENGER
V.E. Lashkaryov Institute of Semiconductor Physics, Nat. Acad. of Sci. of Ukraine
(45, Prosp. Nauky, Kyiv 03680, Ukraine; e-mail: smertenko@isp.kiev.ua)

INVESTIGATION OF PHOTOVOLTAIC
AND OPTICAL PROPERTIES OF SELF-ORGANIZED
ORGANIC-INORGANIC HYBRIDS USING AROMATIC
DRUGS AND PATTERNED SILICON

PACS 33.80.-b, 78.20.-e,
89.30.Cc

The effect of incorporation of the functional groups of aromatic moleculas onto the Si sur-
face has been investigated by photovoltaic (PV) and photoluminescence (PL) characteris-
tics, infrared (IR) spectroscopy, scanning electron microscopy (SEM), and optical microscopy
(OM). To realize the organic-inorganic hybrids, the thin (10–100 nm) layers of heteroatom
aromatic pharmaceutical drugs (APD) such as clonidine hydrochloride (CLON), procainamide
hydrochloride (PRO), and сyanocobalamin (CYCAM – B12 vitamin) were formed by the chem-
ical solution deposition process on the Si patterned surface at room temperature under labo-
ratory ambient conditions. The hybrids have shown: (i) the solar energy conversation with
an efficiency up to 6–7% in dependence on the chemical solution media and the surface and
interface morphologies; (ii) the highest efficiency of 8.4% in CLON–Si hybrids produced in
a mixed solution with a layer 30 nm in thickness and a self-organized net-like surface mor-
phology; (iii) the intense photoluminescence in the waverange of 400–900 nm, luminescence
profile, and peak position suggest the vibronic origin of this band; (iv) the presence of char-
acteristic bands associated to the functional groups containing nitrogen (amines NH𝑥 (𝑥 = 0,
1, 2), amides OCN, cyanonitrile CN), carbon and/or hydrogen-hydrocarbons (CH𝑥 (𝑥 = 1, 2,
3)), oxygen (hydroxyl OH, peptide CO), halogene (chloroalkane) and phosphorus (phosphate
OPO(OH)2). Possible principles of operation of APD–Si hybrids are discussed.

K e yw o r d s: aromatic drugs, patterned silicon, photovoltaic and photoluminescence char-
acteristics, infrared spectroscopy, scanning electron microscopy, optical microscopy, clonidine
hydrochloride, procainamide hydrochloride, сyanocobalamin.

1. Introduction

Organic modification, functionalization, and sensi-
tization of silicon have increased enormously dur-
ing the last few years [1–3]. Such resulting organic-
inorganic hybrids have attracted a great interest for
physics, chemistry, as well as for innovative research
areas in biology and medicine. They are potential
objects for photovoltaics, optoelectronics, biosens-
ing, and gene and drug delivery applications due to:
(i) unique properties of both the isolated molecule
and self-organized molecular assemblies or aggrega-
tions; (ii) the combination of a high absorption coef-
ficient of organics and good Si transport properties;
(iii) hybrid compatibility with well explored Si planar
technology [4–12].

c○ T.YA. GORBACH, P.S. SMERTENKO,
E.F. VENGER, 2014

It should be noted that, in the most cases, the
etched, oxidized, diffused, implanted, and homo-he-
teroepitaxic Si surfaces are functionalized or mul-
tifunctionalized. Among them, electrochemically et-
ched porous silicon, anisotropically acidic or alka-
line etched patterned Si, reconstructed hydride and
halide terminated surface of Si have other properties
(reflection, transmission, visible luminescence, etc.)
than flat ones. Such very successful functionalization
has been obtained by inorganic processes as a result
of the technological, technical, and physical require-
ments and practical device applications [13–16].

Now, the new opportunities are opening in mic-
ro/nanometer-size silicon based devices of the next
generation with unprecedented level of functionality
based on various reactions of Si with organic materials
including organometallic and aromatic systems [1–3].

It was reported [17–22] that the hybrid hetero-
structures based on phthalocyanines (Au–𝑝MgPc–
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𝑛Si, Au–𝑝ZnPc–𝑛Si and Au–𝑝ZnPc–𝑝Si) and por-
phyrins (TPPS4 (mesotetra (4-sulfonato phenyl por-
phyrine) – crystalline Si{100}/Si{111}, Fe–TPPS4–
Si, and ZnTPP(Zn mesotetraphenyl porphyrine) –
Si{111}:H) showed a rectification behavior, photovol-
taic (PV) characteristics with conversion efficiencies
in the range of 0.74–2.3%, morphological and optical
features. Sensitization of 𝛼-Si and 𝜇c-Si was shown
by photoconductivity measurements [19].

Cases of hybrids with organic materials organized
by biomolecules have been presented in [9–12, 23–
27]. They are of special and specific interest for bio-
medical applications. This is one of the arguable top-
ics these days. Among the best examples to illustrate
these positions are:

(i) immobilization of a functionalized Si substrate
with organometallic NH2(CH2)3Si(OC2H5)3 by anti-
bodies (immunoglobulines) [23],

(ii) functionalization of a misorientired dislocation
Si with protein and DNA molecules[24],

(iii) realization of the porous Si product known as
Bio-Silicon in pharmaceutic and medical researches
ranging from controlled drug delivery, clinical diag-
nostics, tissue engineering, etc. [9–12, 25].

The positive effect of deposited vitamin B1 (thi-
amine diphosphate hydrochloride) and other drugs on
patterned 𝑛+𝑝Si structures of solar cells has already
been described in our work earlier [28]. The 𝑛+𝑝Si
solar cells with Eff ≤ 5–7% result in Eff up to 15%
in the novel drug-Si hybrid system. The later depo-
sition of B1 and metamisol sodium on patterned 𝑛Si
and the testing of PV parameters have showed that
these drugs–Si hybrids have the efficiency of solar en-
ergy conversion of about 1.0% under AM 1.5 and 0.3
Sun, respectively [29].

However, the presented picture is based upon a very
limited range of hybrid systems, and the good perfor-
mance of solar cells remains the open question.

In order that the idea of using drugs in both pho-
tovoltaics and a variety of healthcare applications
be implemented, the further study and investigation
should be focused on another drug–Si systems.

It is known that the most important building block
of many organic materials are aromatics. They in-
clude both the simplest classical six-membered aro-
matic ring of benzene molecules and five- and six-
membered rings containing heteroatoms such as pyr-
role, thiazole, pyridine, etc. A very large number
of pharmaceutical drugs are aromatics too. In this

study, the elegant examples of therapeutic drugs as
the complicated aromatic from the cardiovascular
group (antiarrhythmic, antihypertensive) and “bio-
functional” vitamin B12 as an analogue of DNA were
chosen for advanced structures of organic layers based
on Si.

The current investigation is presented in some as-
pects: (i) a correlation of morphological modification
of the functional surface and the interface of drug–Si
hybrids processed through chemical bath deposition
at room temperature with final hybrid performance
for the solar cell application; (ii) understanding of the
essence of functionalization and self-assembly model;
(iii) investigation of physical-chemical properties and
peculiarities of drug-Si hybrids to manipulate and to
optimize the photovoltaic parameters in controlled
manner of such organic-inorganic systems.

2. Experimental

Monocrystalline Czochralski-grown Si wafers with
{100} orientation, 𝑛-type conductivity with a dopant
concentration of 1015–1016 cm−3, and an anisotropi-
cally etched surface in the form of a tetragonal pyra-
mid were used as a substrate. Such pyramidal pat-
terned (textured) substrates are the standard for pho-
tovoltaics [14]. Their technological important feature
for the growth of a film is its side facet {111}. The
facet {111} is vicinal with surface roughness on the
microscopic and nanoscopic levels, where atomically
flat, low-Miller index terraces {111} are separated
by steps, which, in turn, have the kinks, i.e., the
TSK features are revealed. Under the morphological
stability condition (stable facet growth), the TSK
growth mechanism is realized. In such case, a low-
temperature and even room-temperature deposition
of a good quality film is possible in spite of the lat-
tice mismatch and a difference in the thermal expan-
sion coefficients of a substrate and a film, for exam-
ple, GaAs/Si, GaP/Si, CdHgTe/Si, thiamine diphos-
phate/Si etc. [29–31].

Three commercial aromatic pharmaceutical drugs
(APD) – procainamide hydrochloride (PRO), cloni-
dine hydrochloride (CLON), сyanocobalamin – vita-
min B12 (CYCAM) used in this study were purchased
in pharmacy both in the tablet form and ampoule
(Table 1) [32]. In addition, solid B12 was purchased
in a chemist’s shop to obtain the concentrated B12

solution (to 1.25%) on the contrary pharmaceutical
0.05% solution.
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Table 1. List of pharmaceutical drugs, their abbreviations,
chemical composition, molecular formula, and additional substances [32]

No. Title, chemical formula Molecular formula Additional substance

1 Procainamide hydrochloride,
PRO, (4-amino-N-(2-diethy-
laminoethyl benzamide)

NH2 C NH CH2 CH2 N
C2H5

C2H5

O

. HCl

Tablet: lactose monohydrate
(C12H22O11), starch ([C6H10O5]𝑛),
polyvidone ([C6H9NO]𝑛), calcium
stearate
Ampoule: Metabisulphate sodium
Na2SO3, H2O

2 Cyanocobalamin,CYCAM,
(Co𝛼-[𝛼-(5.6 dimethyl benzi-
midazolile-Co𝛽-cobamidcya-
nide) N N

CH3

Co
+

N N

CH3
H3C H2C CH2

CH3

CH3

CH2 C

O

NH2

CH2

C

O

NH CH2 CH

CH3

O P O

O

O
HO

O
H

H
H

H CH2OH

N

N

CH3

CH3

CN

H3C CH2 C

O

NH2

CH2 CH2 C NH2

O

H2CCH2N

O

H3C

H3C

H2CC

O

H2N

CH2CH2C

O H2O, NaCl, starch

3 Clonidine hydrochloride,
CLON, (N-(2,6-dichlorophe-
nyl)-4,5-dihydro-1H-imida-
zol- 2-amine) Cl

Cl

NH
N

N

H

.

Tablet: lactosemonohydrate, starch,
magnesium stearate

Although all these drugs are heteroatom aromatics,
they differ at least in three main ways. First, both
a procainamide molecule and a cyanocobalamin one
with amine-amide and imide-amide compositions, re-
spectively, are donor acceptor complexes with charge
transfer. In clonidine, the amine-imide composition
takes place. This drug may be attributed to organic
electron donors.

Second, due to a small molecular length and Cl
derivate benzene ring, a clonidine molecule is more
conductive than procainamide and сyanocobalamin
complexes.

Third, in contrast, procainamide сyanocobalamin
is a large pigment-protein complex consisting from
structurally and functionally different parts. The ba-
sis of сyanocobalamin is a corrin ring which is sim-
ilar to the porphyrin ring of chlorophyll, heme, and
cytochrome. The central metal ion is the rare bio-
chemical element cobalt. It is the center of reac-
tivity and is connected with a dimethylbenzimida-
zole group and a cyanogroup CN. In addition, this

molecule contains phosphate, methyl, and carboxam-
ide groups. Phosphate group is self-organized, and
CN is activated and sensitized.

The periphery of the core-complex and carboami-
de- end groups may be attributed to light harvesting
(antenna) and transferring the exciting energy into
silicon. This extra large aromatic system is the most
desirable from the point of view of functionalization
in comparison with procainamide and clonidine.

At the same time, among the another factors that
determine the choose of PD for hybrid fabrication
were: (i) absence of purification and additional dop-
ing; (ii) low cost of a material used; (iii) environment-
friendly substance; (iv) room-temperature technolog-
ical process of functionalization of the surface and
formation of a hybrid; (v) nontoxic.

Water, organic and mixed solvents consisting of
water, and organic solvent in equal volumes were
used for the preparation of the solution. Organic and
mixed solvents were pentachlorphenol (C6HCl5O) in
methanol (CH3OH), carbon tetrachloride (CCl4) and
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ethanol (C2H5OH). It should be noted that not all
liquid organic media can be regarded as homogeneous
chemical media, and their identification as a solution
is conditional. In the case of using the tablet forms,
the mixture of water and APD contains both addi-
tional substances as a lactose monohydrate, starch,
polyvidone and ligands as magnesium stearate, cal-
cium stearate, etc. Whereas the lactose monohydrate
is water-solved, starch and polyvidone are not solved
in water. Due to these factors, liquid media of APD
obtained from tablets can be referred to the suspen-
sions, most probably. Counting on the basic drug sub-
stance the concentrations of PRO and CLON were
0.5% and 0.01%, respectively. Concentration of CY-
CAM is about 1.25%. Procainamide ampoule has
10-% concentration.

APD–Si hybrids were prepared by the chemical
bath deposition at room temperature under ambi-
ent laboratory conditions. Deposition was carried out
from the above-mentioned chemical media onto the
front surface of Si patterned substrates. Rear surface
was protected by a chemically stable varnish. Then
the substrate was immersed into a glass bath with
a chemical solution for the deposition of an organic
film. The deposition time was varied in dependence
on the chemical medium and its concentration. Ag
paint was applied for contact to hybrids.

The morphological images of deposited films and
hybrids were characterised by scanning electron mi-
croscopy (SEM) and through the optical microscopy
(OM). Investigation of functionalization of the Si sur-
face and hybrids was carried out using photovoltaic
data (PV), photoluminescence (PL), and IR trans-
mission and reflection spectra.

The PV setup under standard test conditions
(100 mV/cm2, 25 ∘C) and the global spectrum cor-
responding to air mass 1.5 were used for the mea-
surement of PV hybrid parameters with ±2.5% accu-
racy. The PV monitoring at different irradiances was
performed using the same steady state solar stimula-
tor, as in STC and neutral filters, i.e. without a mod-
ification of the spectral distribution of the sunlight.

The measurements of PL were performed under
excitation by a 337 nm N2 gas pulse laser (8 ns,
1.5 kW/pulse) detected by a photomultiplier in the
380–900 nm range in the photon count regime.

Infrared spectra were recorded on a Perkin Elmer
“Spectrum BX-II” Fourier spectrometer in the 400–
8000 cm−1 range.

3. Results and Discussion

3.1. Hybrid morphology and the efficiency
of solar energy conversation

The first detailed issue of the surface morphologies of
an organic layer formed during the room-temperature
chemical bath deposition from the water solution of
thiamine diphosphate on Si patterned surface was
presented in [29]. The hybrids have shown a no-
ticeable morphological deviation from the pyramid
form to a net-like one and then to spherules forms
branched. Although the desirable high efficiency of
solar energy conversion has not achieved, it has be-
come evident that the favorable morphology is the
net-like form, and the hybrid quality has to be as-
sessed by the composition of drug molecules and so-
lution media.

Taking, as an example, the hybrids formed by the
deposition from clonidine water organic and mixed
media onto the Si patterned substrate (Fig. 1, a), the
influence of the surface morphology of organic lay-
ers, its temporal evolution as a key parameter on
the hybrid efficiency are illustrated in Fig. 1, b, c, d,
Figs. 2 and 3. A few representative and uncommon
images for layers deposited from CYCAM water and
CLON ethanol solutions are shown in Fig. 1, e, h, re-
spectively.

As seen in Fig.1, b, at the initial stage of the CLON
layer deposition under stable condition of a moving
chemical front, the surface morphology of the organic
layer and the CLON–Si hybrid copy the patterned
morphology of the substrate. In such situation, the
TSK growth mechanism is realized due to a vicinal
feature of the {111} pyramid-like substrate. With in-
crease of the deposition time, the loss of the growth
stability conditions takes place, and the complex
branched morphologies are generated (Figs. 1 and
2). First of all, the organic medium demonstrates
a filled and partially buried pyramid (Fig. 1, c, d,
Fig. 2, a). Then the circular, square, and rhombic net
surface forms are organized (Fig. 2, b–d, g–i) as a re-
sult of the filament connection of pyramid vertices.

At the next stage, with increasing of the deposi-
tion time, i.e. the layer thickness, the Maltese cross
and spherulite forms (Fig. 2, e, f) are developed as
the filament grows in the radial and circular direc-
tions. As shown on filament fragments (Fig. 1, e, f)
of APD deposited, each filament contains the mi-
crofibers, which, in turn, are organized from a chain
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Fig. 1. Morphological image of APD–Si surfaces: a–d – SEM,
e, f – OM: a – Si patterned substrate, b, d, f – surface mor-
phology of CLON–Si hybrids, c–e – surface morphology of
CYCAM–Si hybrids, b – breaking film near the pyramid apex
of CLON–Si hybrid, e–f – fragments of filaments of CYCAM–Si
and CLON–Si hybrids, respectively. 15 mm scale bar presents
in: a, b – 1 𝜇m, c, d – 15 𝜇m, e, f – 200 nm

of nanowires and nanodots. Especially, it is seen on
hyper branched CYCAM layers (Fig. 1, e). With this
moment, the layer growth mediated substrate has no
preference, and the layer morphology is determined
by the self-organized processes.

The interesting morphological phenomenon is ob-
served in hybrid produced in mixed solvent (H2O +
+ C2H5OH). Morphology is organized by the need-
le, lamellar, or sometimes quasicylindrically shaped
fibers with curving motive (Fig. 1, f). Some such
forms fork from a common central ball point orga-
nized on the pyramid apex. Then after a certain pe-
riod of time under laboratory conditions, this mor-
phology is self-converted into net-like forms. In other

Fig. 2. OM photographs of surface morphologies of CLON–
Si hybrids deposited from solutions: a–f – water, g – mixed
(water+pentaclorphenole), h–i – pentaclorphenol. In the case
h, CLON was without additional substances. For the water so-
lution, the deposited times are: a – 2, b, c, d – 3, e – 4, f –
5 h, respectively. Morphologies of Fig. 2,g, h and Fig. 2, i are
observed after 1 h and 1.5 h depositions, respectively

words, the layer built itself. Thus, the growth nature
of these APD layers may be attributed to a molec-
ular self-assembly most probably, although the self-
organization and the self-assembly are often used in-
terchangeably, especially in chemistry and biology.

From an overall point of view, these hybrid structu-
res can be considered as synergetic: organizing agent
(substrate) and self-assembling molecules (layer).

Comparising the morphological image with PV per-
formance investigations (Fig. 2, 3), it is became ob-
vious that the favor morphology is a net-like form
of the surface. But in many cases among a diversity
of net-morphologies (Fig. 2, b–d), the optimal net-
like form is realized as in Fig. 2, c. For this mor-
phology, if the CLON deposition takes place from
the H2O solution, then the PV parameters are as
follows: 𝐽SC = 36.52 mA/cm2, 𝑉OC = 0.411 V,
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Fig. 3. Efficiency versus the power energy irradiance on vari-
ous deposition times and different morphologies: for CLON–Si
hybrids deposited from water (a) and organic and mixed solu-
tions (b) corresponding to the following morphologies: a) curve
1 – Fig. 1, b, curve 2 – Fig. 2, a, curve 3

′
– Fig. 2, b, curve

3 – Fig. 2, c, curve 3
′′

– Fig. 2, d, curve 4 – Fig. 2, e,
curve 5 – Fig. 2, f; b) for net-like morphologies: curve 1 –
H2O + C6H5OH + CH3OH; curve 2 – C6H5OH + CH3OH;
curve 3 – C6H5OH + CH3OH; and different solution (Fig. 2, g–
i) curve 4 – CCl4; curve 5 – C6H5OH + CH3OH + H3BH3;
for PRO–Si hybrids (b) curves 6, 7 for CYCAM–Si hybrids,
respectively

FF = 0.39, Eff = 5.78% (at AM 1.5), Eff = 5.97%
(at 65 mW/cm2). Eff versus 𝐸 is shown by curve 3
in Fig 3, a. For other net-morphologies (Fig. 2, b, d),
Eff versus 𝐸 is presented by curve 3 ′ and 3 ′′, re-
spectively. PV parameters are: 𝐽SC = 40.00 mA/cm2,
𝑉OC = 0.256 V, FF = 0.38, Eff = 3.67% (at AM 1.5),

Eff = 3.98% (at 65 mW/cm2) for the net-morphology
in Fig. 2, b and 𝐽SC = 36.83 mA/cm2, 𝑉OC = 0.203 V,
FF = 0.27, Eff = 2.02% (at AM 1.5), Eff = 3.20% (at
20 mW/cm2).

From the data of Fig. 3, b, the PV performance
and its dependence on the irradiation energy for hy-
brids with the CLON molecular structure and a net-
like morphology have to be functions of solvent me-
dia. For example, the CLON deposition from a mixed
solvent media containing H2O and PCF+ CH3OH
gives 𝐽SC = 40.21 mA/cm2, 𝑉OC = 0.438 V, FF =
= 0.35, Eff = 6.04% under AM 1.5 and Effmax =
= 8.42% at 𝐸 = 25 mW/cm2, (Fig. 3, b, curve 1 ).
The morphology is shown in Fig. 2, g. In this sol-
vent medium but without additional substances, the
PV parameters of the CLON–Si hybrid with the net
morphology (Fig. 2, h) are 𝐽SC = 33.47 mA/cm2,
𝑉OC = 0.443 V, FF = 0.39, Eff = 5.79% (at AM 1.5),
and Eff = 6.73% (at 60 mW/cm2). Eff versus 𝐸 is
presented by curve 2 in Fig. 3, b.

For PCF + CH3OH solvent, the CLON–Si hybrid
has 𝐽SC = 30.00 mA/cm2, 𝑉OC = 0.358 V, FF =
= 0.31, Eff = 3.66% (at AM 1.5) and Eff = 5.71% (at
25 mW/cm2) Fig. 3, b, curve 3. The morphology of
this structure is shown in Fig. 2, g.

Thus, the combined factors of morphology and sol-
vent mixture give the ability to manipulate the PV
efficiency in the APD–n-Si hybrid.

3.2. Optical properties

3.2.1. Photoluminescence

The PL spectra (Fig. 4) of CLON-Si hybrids with va-
rious morphologies have considerable difference both
in the peak position and the emission efficiency. Ac-
cording to Fig. 4, a, the hybrids prepared from a wa-
ter solution possess at least three distinct photolumi-
nescent behaviors as a function of the layer morphol-
ogy: (i) for a thin layer with the morphology pre-
sented in Fig. 1, b, 2, a, the PL spectrum (Fig. 4, a,
curve 1 ) has a single maximum about 𝜆 = 450 nm
(𝐸 = 2.75 eV); (ii) for thick layers with branch mor-
phologies (Maltese cross, dendritic-like, Fig. 2, g, f),
the peak position situated at 𝜆1 = 530 nm (𝐸1 =
= 2.34 eV), i.e. it is displaced in the direction of
long wavelengths. In addition, PL intensity (Fig. 4,
curve 4 ) increased essentially; (iii) PL spectra
(Fig. 4, a, curve 3 ) of layers with a net-like mor-
phology (Fig. 2, b, c) more structured. Like this, the
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PL spectrum presented by curve 3, contains three lu-
minescence bands with maxima located at 450 nm,
530 nm and 820 nm (𝐸 = 1.51 eV).

The spectral dependence of PL for CLON–Si hy-
brids with a net-like morphology formed in CCl4 so-
lution is shown in Fig. 4, b (curve 2 ). Besides curve 1,
Fig. 4, b, presents the PL spectrum of a CLON layer
50 𝜇 in thickness separated from the Si substrate. It
is possible to observed two maxima in the last spec-
trum at about 510 nm (2.43 eV) and 600 nm (2.07 eV)
in comparison with the single maximum (2.43 eV)
of the CLON–Si hybrid. On the contrary, the PL
wavelength profile (Fig. 4, b, curve 3 ) of the CLON–
Si hybrid formed from the mixed solution (H2O +
+ C6HCl5O) is changed. The spectrum has three lu-
minescence peaks. The contribution to this PL pro-
file may appear both from PL with peak position at
∼450 nm (Fig. 4, a), as well as from PL of a hy-
brid produced in the organic solution. An interest-
ing feature of the spectrum is shown in Fig. 4, b
(curve 4 ). Meanwhile, this result will not be discussed
here.

In the PL spectrum (Fig. 4, c (curve 1 ) of the PRO–
Si hybrid, there are at least three luminescent peaks
about 440 nm, 530 nm, and 600 nm. The PL spec-
trum of CYCAM-Si (Fig. 4, c (curve 2 ) hybrid with
the net morphology has two maxima: at ∼500 nm
and at ∼ 800 nm with two shoulders: a shortwave
shoulder at about ∼440 nm and a longwave one at
∼535 nm. It may be remarked that the preliminary
study of the absorption spectra for the CLON wa-
ter solution and mixed with pentachlorphenol one
has shown that: the absorption edges are 3.8 eV and
3.2 eV, respectively.

Thus, these investigations as well as the PV one,
revealed that the Si patterned surface modified with
APD has emission properties in 400–800 nm range
with some different PL wavelength profile. APD-Si
hybrids with min PL intensity have max PV efficiency
for the identical net-morphology.

3.3. FTIR spectra

It seems attractive to assume that the phenomena
similar to the PV and PL properties of APD-Si hy-
brids investigated and reported in the previous sec-
tions are originated from a barrier structure formed
by a deposited organic aromatic molecular layer and
patterned Si.
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Fig. 4. PL spectra of CLON–Si hybrids deposited from water
(a) and organic and mixed (b) solutions in dependence on the
time deposition and the surface morphology: a) for pyramid-
like (curve 1 ), partially buried pyramids (curve 2 ), net form
(curve 3 ), spherulite-like (curve 4 ); b) for net-like morpholo-
gies, curves 2–4 represent CLON–Si hybrids deposited from
CCl4, H2O + C6H5OH + CH3OH, respectively. On curve 1,
PL of a free film deposited from the CCl4 solution is shown;
c) the PL spectra of PRO–Si (curve 1 ) and CYCAM–Si (cur-
ve 2 ) hybrids

In this section, the vibration modes in IR spectra
are investigated to obtain a further information about
the functional groups of atoms within APD moleculas
deposited on Si.

Figure 5, a presents the FTIR spectra of a 50 𝜇m
layer produced from the CLON/CCl4 solution and
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Fig. 5. IR spectra of CLON–Si and CYCAM–Si hybrids: a)
curve 1 – transmission spectrum of a free film of CLON de-
posited from the CCl4 solution, curve 2 presents the reflec-
tion spectrum of the CLON–Si hybrid; b) reflection spectra
of the CLON-Si (curve 1 ) and CYCAM–Si (curve 2 ) hybrids
deposited from the water solution

separated from Si in the transmission regime (cur-
ve 1 ) and CLON–Si hybrid in the reflection regime
(curve 2 ) in the 400–8000 cm−1 wave number ran-
ge. Figure 5, b shows the IR reflectance spectra for
CLON(H2O)–Si (curve 1 ) and CYCAM–Si (curve 2 )
hybrids in the 400–8000 cm−1 wave number ran-
ge. Functional groups for all hybrids are documented
in Table 2.

From the numerous and complex absorption bands
observed in the FTIR transmission spectrum of a
free layer and compared with literature data, it has
been determined that, in the 400–2000 cm−1 re-
gion, the absorphtion bands at about 725 cm−1,
1200 cm−1, and 1428 cm−1 are referred to NH2 bend-
ing modes and vibration at 1650 cm−1 associated

to NH2 wag mode. Vibration bands at 763 cm−1,
820 cm−1, and 1300 cm−1 correspond to CH2, CH,
and CH2 bending modes, respectively. The wide ab-
sorption band between 1500 cm−1 and 1700 cm−1 is
due to the combination of NH bending and CN stret-
ching groups. Presumably, the bands at 650 cm−1 and
1750 cm−1 correspond to CCl and CH2Cl bending
modes.

In the 2300–4000 cm−1 range, the absorption bands
at 2900–3000 cm−1 are attributed to CN𝑛 group vi-
brations. Between 3300 cm−1 and 3600 cm−1, the
absorption bands belong to OH and NH groups.

In the IR reflection spectrum (Fig. 5, curve 2 ) and
Table 2, the modes with peaks at 460 cm−1 and
1080 cm−1 refer to Si–N stretching, and those at
460 cm−1, 1020 cm−1, 3750 cm−1 are associated
with Si–Si, Si–O–Si, Si–OH vibrations, respective-
ly. The analysis of the peaks with modes at about
1500 cm−1 and 1700 cm−1 and between 2100 cm−1

and 2300 cm−1 show that they can be characteri-
zed by Si–Cl, Si–C and Si–H stretching modes. Thus,
CLON molecules deposited on Si form Si–N, Si–Cl,
Si–C, Si–H, and Si–OH bonds.

As for the comparison between the IR modes of
functional groups immobilized on the Si surface from
a CLON wafer, pentachlorphenol, and the mixed so-
lution, it was found that there are some variations in
the number, as well as in the distribution of functional
groups, which allows one to control the PV properties
of CLON–Si hybrids (Fig.5, Table 2) Eff was 7–8% for
CLON–Si hybrids deposited from mixed solutions at
𝐸 = 20–60 mV/cm2 and about 6% at 100 mV/cm2

(AM 1.5). At (AM 1.5), there are almost no dif-
ference in Effs of hybrids deposited from H2O and
H2O + C6Cl5OH solutions.

The examination of the 400–8000 cm−1 wave num-
ber range of IR reflection spectra of CYCAM–Si hy-
brid (Fig. 5, b) and the identification of the types of
vibrational modes indicate the presence of character-
istic bands associated with functional groups contain-
ing: (i) nitrogen – amines NH𝑥 (𝑥 = 0, 1, 2), amides
OCN, cyanonitrile CN; (ii) carbon and/or hydrogen-
hydrocarbons CH𝑥 (𝑥 = 1, 2, 3); (iii) oxygen – hy-
droxyl OH, peptide CO; (iv) phosphorus-phosphate
OPO(OH)2.

In the last case, the most number of functional
groups is not correlated with maximum Eff and its
dependence on 𝐸 (Fig. 3, curve 7, Table 2). However,
such hybrid is interesting for two reasons: first, as
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Table 2. Assignment of the infrared modes observed in ARD/Si hybrids

Mode

𝜔FTIR (cm−1)

CLON/Si PRO/Si B12/ Si

T
R

R R
CCl4 C6Cl5OH H2O H2O + C6Cl5OH

Si–Si, N stretching 460 460 460 460 460 460 460

Si–Si 505 495 500 495 495
520 520 520
570 560 560 –

Si–H; Si–C; C–Cl 650 650 – –
NH2 bending; O–P–O, Si–C 725 725–740 750 710–725
CH2 bending (rocking) 765 –
CH bending 820 820 –
Si–H2 850
Si–CH3 – 880
Si–C 900 900

Si–OH 1020 1020 1020 1060 1060 1020 1015
1060 1060

Si–N; Si–O–Si stretching 1080 1080 1080 1080
C–O–C 1130
Si–H 1160 1150 1150
NH2 1200 1200
CH2 bending 1300 1300 1300
NH2 bending 1400 1400 1400 1400 1400
Si–Cl; C–N stretching; CH; NH bending, C–O 1500 1500 1500 1500 1500 1500 1540
Si–C; C=C; C–O stretching; NH2 bending 1650 1650 1630 1630 1650
NH stretching 1700 1700 1725 1710
CH2Cl; COOH, CO, NCO 1750 1760 1750 1750 1760 1760 1750
Si–H 2000
Si–H stretching 2300 2300 2300
CH2 stretching, CH 3000 2900 2900 2900
Si–CH3 3100
NH stretching 3500
OH 3600 3600 3600 3600
Si–OH 3750 3800 3800 3700 3750
C–H 4770 4700 4700 4700 4700
HN; HN2 6500 5700 5500–6500 6500

a variant for the solar energy conversation and, sec-
ond, in biology and medicine fields as NDA and RNA
analogues.
3.4. Final remark:
about operation principles of APD–Si hybrids
Although the understanding of the physical processes
in all organic and organic-inorganic hybrid versions of
solar cells remains limited, as compared to inorganic

solar cells, the last-decade investigations show the
fundamental difference in the generation of photocar-
riers, recombination, and carrier transport. However,
each novel structure requires the individual study. In
the current case, the model assumes the presence
of two materials: organic aromatic dye APD and
inorganic Si patterned substrates with thicknesses
about 20–30 nm and 300 𝜇m, respectively. The Si
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zone structure is well known. It is a semiconductor
with the indirect transition 𝐸𝑣 − 𝐸𝑐 –1.12 eV. For
each organic material and hybrid structure includ-
ing APD, the position of the HUMO–LUMO gap de-
pends strongly on many factors such as Si bulk and
its surface, solution composition, deposition regime,
and organic molecular structure.

The results described in the previous subsections
(3.1–3.3) show the hybrid formation of a chemisorbed
layer on Si with barrier characteristics.

In this connection, the PL data and PL evolution
spectra may be expounded in the following way:

(i) if the CLON–Si hybrid is deposited from H2O
solution for the pyramid-like hybrid morphology, the
HOMO–LUMO gap is not less 2.75 eV. It should be
noted that this value is approximately similar for all
APDs;

(ii) for the buried pyramids and net-like forms of
hybrid morphologies, the HOMO-LUMO gap is not
less 2.75 eV too. But there is at least one unoccupied
molecular level at about 2.34 eV, i.e. LUMO-1. In ad-
dition, the 1.5 eV IR level is observed too;

(iii) for the branched and dendritic like morpholo-
gies, the PL peak has a redshift to 2.34 eV, i.e., the
HOMO-LUMO gap is size-dependent.

In addition, if CLON–Si hybrids is deposited from
the mixed, for example, H2O + C6H5OH + CH3OH
solution (4, b), PL indicates the quenching as a re-
sult of the Cl2 doping. It is well known that chlo-
rine is a quencher for PL. In other words, the PL
quenching may be the indirect possible way of sensi-
tization and energy transfer from APD to Si, accord-
ing to the Foster energy transfer mechanism [33]. The
best quenching is shown by hybrids formed from
the mixed solution without additional substances
(Fig. 4, b, curve 3 ). Moreover, the Cl2 doping in-
creases the concentration of holes and ionized accep-
tors and shifts the Fermi level position toward the
valence bandedge.

On the other hand, using the general diode princi-
ple of zone theory and assuming APD as an intrin-
sic semiconducting material (𝑛− or 𝑝− types), the
PV energy conversation is defined by the following
processes: (i) creation as a result of the photon ab-
sorption into the Si surface (APD is a light window
for Si); (ii) the carrier charge separation as a result
of the potential gradient; (iii) the transport to the
contacts.

After the photon absorption and the 𝑒 − ℎ pair
creation, the electron from 𝐸𝑐Si may be lifted to the
surface level at the interface (1.5 eV–2.0 eV) or onto
one of the unoccupied molecular orbital of the accep-
tor fragment of a molecule, if there are the significant
wave function overlap between the LUMO level and
E𝑐Si. Then it is energetically favorable to reach the
excited LUMO, and the transport to the upper con-
tact is realized. In this case, the hole of 𝐸𝑣Si is trans-
ported to the base rear contact. The efficient carrier
collection is determined by both the optimal upper
self-organized net-like morphology and the diffusion
length of the initial (start) Si material.

For CYCAM–Si hybrid, as was mentioned above,
the photon absorption is the controlled antenna ef-
fect [34, 35]. However, the antenna-sensitized B12

molecule is a very complex system with a long chain
of the nucleotide component. This decreases the con-
ductivity of the molecular layer.

Thus, it may be summarized that aromatic phar-
maceutical drugs such as procainamide hydrochlo-
ride, сyanocobalamin (vitamin B12), and especially
clonidine hydrochloride may be of interest for the use
in PV and optoelectronics.

4. Conclusion

The power energy conversation with efficiency from
about 3.7% to 8.4% has been demonstrated in three
different organic-inorganic hybrids under the incor-
poration of the functional groups of heteroatom aro-
matic drugs into the Si patterned surface during the
room-temperature chemical bath deposition.

Exploiting the molecular self-organization and the
molecular self-assembly for the morphological modi-
fication, sensitization, and functionalization of the Si
surface and studying the effect of formation condi-
tions and the molecular structure of APD on the PV
performance and PL, the manipulation of the photo-
voltaic and optical properties of APD–Si hybrids has
been realized.

In spite of the remaining limited understanding of
physical processes and the operation of mechanisms,
the classical model of generation of 𝑒−ℎ pairs, charge
separation, and transport is proposed. Such classical
situation where the 𝐼sc is a linear function of E (power
energy irradiation), and 𝑉oc has the logarithmic de-
pendence on E with the further saturation, is realized
in the CLON–Si hybrid formed from a H2O solution.
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ДОСЛIДЖЕННЯ
ФОТОВОЛЬТАЇЧНИХ I ОПТИЧНИХ
ВЛАСТИВОСТЕЙ САМООРГАНIЗОВАНИХ
ОРГАНIЧНО-НЕОРГАНIЧНИХ ГIБРИДIВ
НА ОСНОВI АРОМАТИЧНИХ СПОЛУК
ТА ПАТЕРНОГО КРЕМНIЮ

Р е з ю м е

Ефект вбудовування функцiональних груп ароматичних
молекул на поверхню Si було дослiджено за допомогою фо-
товольтаїчних та фотолюмiнесцентних характеристик, iн-
фрачервоної спектроскопiї, скануючої електронної та опти-
чної мiкроскопiї. Для створення органiчно-неорганiчних гi-
бридiв тонкi шари (10–100 нм) гетероатомних аромати-
чних фармацевтичних препаратiв, як: клонiдина гiдрохло-
риду, прокаїнамiда гiдрохлориду та цианокобаламiну (вiта-
мiн В12), були сформованi осадженням хiмiчного розчину
на патерну поверхню Si при кiмнатнiй температурi та лабо-
раторних умовах. Отриманi гiбриди показали, що: (i) пере-
творення сонячної енергiї з ефективнiстю до 6–7% залежить
вiд складу розчинника та морфологiї поверхнi та iнтерфей-
су; (ii) найвища ефективнiсть 8,4% спостерiгалась у гiбридiв
клонiдина гiдрохлорид – Si, отриманих у змiшаних розчи-
нах з товщиною у 30 нм та самоорганiзованою ґратчастою
морфологiєю поверхнi; (iii) iнтенсивна фотолюмiнесценцiя
у дiапазонi 400–900 нм, профiль кривої люмiнесценцiї та по-
ложення пiка мають на увазi електронно-коливальне похо-
дження; (iv) наявнiсть характерного дiапазону пов’язується
з функцiональними групами, що мiстять нiтроген (амiни
NH𝑥 (𝑥 = 0, 1, 2)), амiди OCN, цианонiтрили CN, карбон
або карбогiдроген (CH𝑥 (𝑥 = 1, 2, 3)), оксиген (гiдроксили
OH, пептиди CO), галоген (хлоралкани) та фосфор (фосфа-
ти OPO(OH)2).
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