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ABSTRACT

The article considers the application of light-con-
verting polymer films as cover materials for the cul-
tivation of greenhouse crops in a covered soil. We 
analyse the impact of increasing the level of photo-
synthesis-active radiation (PAR) level in a green-
house depending on the season, latitude, the angle 
of the sun, duration of daylight and on other para-
meters. The article presents some results of growing 
crops in greenhouse facilities located at the latitude 
of Moscow region. The results include a significant 
shorter vegetative stage, as well, as substantial in-
crease in yield from 30 to 100 % in comparison with 
the reference conditions.
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Most uses of solar energy are partially restricted 
by the fact that the radiation spectrum is not always 
radiating energy effectively. The crucial process of 
photosynthesis also does not always receive the full 
benefits of the Sun.

Modern agricultural science has identified a fun-
damental factor limiting photosynthetic efficien-
cy of a green plant as the number of solar radia-
tion quanta available to be absorbed by a green leaf. 
In the early 1900s K.A. Timiryazev came to the 
following fundamental conclusion: “We can give 
a plant any amount of fertilizer and water, we can 

protect it against the cold in the greenhouses and 
accelerate carbonic acid circulation, but we will 
never cultivate more organic substances than the 
solar energy that is absorbed by the plant. It is a li-
mit which cannot be contravened by mankind. But 
once we understand this limit, we will obtain a real, 
strictly scientific measure for the productivity limit 
of each territory and region, and at the same time 
we will be able to judge to what extent our cultiva-
tion practice approaches perfection…” 1.

The study of the influence of light spectral com-
position on plant growth, undertaken in Russia and 
abroad since the 1950s has identified the impact of 
various spectral radiation intervals. Multiple exper-
imental data, [1–4] for example, show that leaves 
absorb a lot of energy in the blue and near ultra-vi-
olet spectrum intervals (350–450) nm, and in the 
red visible interval (600–650) nm. Minimal absorp-
tion occurs in the green area (500–550) nm, and at 
wavelengths greater than 750 nm there is almost no 
radiant energy absorption. Some absorption occurs 
in the near IR interval, which is driven by the water 
content of the leaves.

The most physiologically important absorp-
tion is in the interval of (600–700) nm. Most of this 
affects the plant chlorophyll, with a small amount 
also absorbed by some other pigments, for exam-
ple, in carotenoids. This area of the spectrum is 
the “photosynthesis-active radiation” (PAR). Typi-
cal absorption spectrum of green leaf chlorophyll is 

1  It is quoted according to [19]
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shown in Fig. 1. Further, Fig. 2 shows known spec-
tral intensity distributions of direct and scattered 
solar radiation, and Fig. 3 shows diagrams of rela-
tive spectral distribution of photosynthesis efficien-
cy according to McCree [5]. It can be inferred from 
the presented data that an increase in photosynthesis 
process efficiency can only happen by adding PAR 
spectral area radiation [6]. Comparing Figs. 1 and 3 
with the solar spectrum given in Fig. 2 shows that 
maximum value of solar radiation intensity does not 
coincide either with either the chlorophyll absorp-
tion maximum value, or with action spectrum ma-
ximum area for photosynthesis. This work will not 
attempt to uncover the reasons of such evolutionary 
inefficiencies, which are still a mystery [4, 7]. The 
important fact remains that the most valuable radi-
ation from the point of view of biological produc-
tivity is located in the red spectrum interval (600–
670) nm.

In order to correct for the solar spectrum in such 
a way as to increase its photosynthesis efficien-
cy, we have proposed to use a photoactive additive 
based on quantum dots of CdSe/CdS/ZnS high pres-
sure polyethylene (HPPE) films as a covering mate-
rial for greenhouses. These quantum dots are a new 
generation of phosphors with unique physical and 
optical properties.

Attempts to use phosphors to correct the solar 
spectrum were made in the 1980s by some insti-
tutes research of the Academy of Sciences of the 
USSR. In particular, films, containing inorganic and 
organic photo phosphors based on europium com-
pounds (III), were developed [8]. These phosphors 
re-emit the ultraviolet component of the sunlight 
spectrum in the range (300–350) nm into the red vi-
sible part of the spectrum. However, these materi-
als are not widely used in agriculture, due to their 
suboptimal spectral characteristics: narrow bands 

Fig. 1. Absorption spectrum of chlorophyll in the visible 
area: 1 – ​chlorophyll a; 2 – ​chlorophyll b

Fig. 2. Relative spectral intensity distributions of direct (1) 
and scattered (2) solar radiation

Fig. 3. Relative spectral distribution of radiation photosyn-
thesis efficiency

Fig. 4. Typical absorption spectra in the visible spectrum 
area of polyethylene films containing quantum dots of vari-

ous size: 1–2.5 nm; 2–2.8 nm; 3–3.4 nm; 4–4.0 nm
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of absorption and emission, an insufficient value of 
Stokes shift, a high level of light scattering and low 
photo stability as well, as a complexity of introduc-
ing them into polyethylene matrices.

The creation of a new generation of phosphor 
based on the CdSe/CdS/ZnS semiconductor colloi-
dal materials has uncovered new possibilities in the 
development of light transformative materials [9]. 
Phosphors of this type have some unique optical 
and colloidal properties, which make them especial-
ly attractive for agriculture, because they are mate-
rials transforming light. In particular, they are char-
acterised by a wide absorption spectrum in the blue 
and near ultraviolet regions, Fig. 4, and fluorescence 
in the form of a relatively narrow peak in practically 
any range of the visible spectrum.

The general principles of spectral transfor-
mation with phosphors were first formulated by 
S.I. Vavilov. The transformation efficiency is deter-
mined by fluorescence energy efficacy, which can-
not be greater than 1. In case of anti-Stokes excita-
tion, i.e. in case νexit < ν , where ν is frequency 
average value in the emission band, photo fluores-
cence and energy efficacy should decrease with an 
increase in the frequency difference (ν - νexit) (10]. 
It should be noticed that fluorescence quantum effi-
cacy of the considered materials is close to 1, which 
is much useful for practical application.

Along with quantum efficacy, an important factor 
determining the spectrum transformation efficiency 
is fluorescence energy efficacy. So, flux Фph radiat-
ed by phosphor as a result of its excitation in some 
wide spectrum interval can be derived by the fol-
lowing expression:

Ƞen = φph(λ)/φexit(λ),	 (1)

where φph(λ) and φexit(λ) are correspondent spectral 
radiation fluxes, ηen is fluorescence energy efficacy:

( ) ( ) ( )ph ph exit end dφ λ λ φ λ η λ λΦ = =∫ ∫  .	 (2)

The ultimate goal of solar spectrum transforma-
tion is the increase of radiation flux in the photosyn-
thesis active radiation (PAR) region [11]:

700

400

( ) ( )PARE c I dλ λ λ= ∫ ,	 (3)

where с(λ) is the action spectrum for photosyn-
thesis, I(λ) is the spectral distribution of solar ra-
diation strength. Comparing the quantum yield of 
photosynthesis, Fig. 3, and the spectra of excita-
tion and emission of quantum dots, Fig. 5 clearly 
indicates the expediency of quantum dots for these 
purposes.

Under natural illumination conditions, PAR flux 
depends on a number of factors. First, as shown by 
the curves in Fig. 2, the spectra of direct and scat-
tered natural radiation are substantially different. 
Direct radiation strikes the Earth’s surface as a col-
limated flux. Scattered radiation falls on the Earth 
after its particles are reflected and dispersed by air, 
water droplets, by ice crystals and atmospheric im-
purities. Total flux includes both types of radiation, 
and the ratio of those components depends simul-
taneously on the state of the atmosphere and on the 
season, as well on the Sun’s altitude above the hori-
zon. For instance, scattered radiation strikes plants 
before sunrise, but with the increasing height of the 
Sun, the share of direct radiation increases, and the 
scattered share decreases.

Fig. 5. Excitation spectra (solid line) and radiation spectra 
(dashed line) of CdSe/CdS/ZnS quantum dots

Fig. 6. Sun’s declination angle at Moscow latitude  
(55.7о N)
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Secondly, the efficiency of radiation transformed 
by a phosphor layer depends on the irradiation con-
ditions mentioned above, namely, on the ray an-
gles incidence, which in their turn depend on the 
Sun declination, on daylight duration, on the scat-
tered component share of flux and on other parame-
ters. Studying the generic principles of fluorescence 
in optical layers in detail, which we have previous-
ly published in [13–15], determined some factors 
to be considered when predicting the light transfor-
mation process. As the “astronomic” aspects of so-
lar radiation are widely known, we will use them 
to explain other observed patterns.

Total solar radiation flux (per unit area) falling 
upon a horizontal plane can be calculated by a for-
mula similar to the one given in [11]:
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where G0 is the solar constant (G0 = 1.34 kW/m2); 
φ is geographic locality latitude; ts is daylight dura-
tion, s; δ is the Sun declination angle; Ws is hour an-
gle of the Sun at sunset.

Further, declination of the Sun δ can be deter-
mined as

[ ]0 sin 360 (284 ) / 365nδ δ= ⋅ + , 	 (5)

where δ0 = 23,5о, n is the number of the day of the 
year. Duration of daylight in hours can be calculat-
ed using the formula:

( )2
arccos tan tan

15st φ δ= − . 	 (6)

Sunset time (by average universal solar time) is 
calculated by the formula:

( )12
6 arcsin tan tanzt φ δ

π
= + .	 (7)

The results of the calculations according to for-
mulas (5–7) are essential for evaluating the light 
transformation use efficiency. They are given 
in Figs. 6–8.

As Earth orbit is not circular but elliptic, ellipti
city should be included using the formula [11]:

0

360
1 cos

365

n
H e H

  = + ⋅     
,	 (8)

where e = 0.333 is a constant, which reflects the 
Earth’s orbit ellipticity.

It is considered that solar radiation reaches Earth 
surface as a sum of direct and scattered fluxes [11]. 
As direct and scattered fluxes have various spectral 
compositions, Fig. 2, this influences the efficiency 
of the light transformation process. Let’s evaluate 
a “clarity index” kT, which is a relation of the total 
daily solar radiation flux incident on the Earth’s sur-
face unit area of a horizontal site to the correspond-
ent solar radiation flux outside the atmosphere.

1( )
( )

( )T

H n
k n

H n
= ,	 (9)

Fig. 7. Annual dependence of hour angle at sunset at 
Moscow latitude (55.7o N), days are counted  

from January 1

Fig. 8. Results of determining daylight duration, as well 
as sunrise and sunset time at Moscow latitude of (55.7o N) 
by average universal solar time: 1 – ​duration of daylight; 

2 – ​sunrise time; 3 – ​sunset time
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where H1(n) is value of solar radiation flux, which 
reaches the Earth’s surface.

Further, diffuse radiation share HD can be deter-
mined using the formula:

2 3

1

1.39 4.03 5.53 3.11D
T T T

H
k k k

H
= − + − .	 (10)

In essence, the process of solar spectrum trans-
formation constitutes emission (reradiation) at 
a certain light wavelength absorbed in a wide spec-
tral interval. Examples of absorption spectra for the 
materials, which we have developed based on HPPE 
containing quantum dots of various dimensions, are 
given in Fig. 4. A unique feature of the quantum dot 

optics is a wide, almost continuous absorption spec-
trum in the blue and near ultra-violet ranges in an 
interval of wavelength lesser than the excitonic ab-
sorption peak. This is non-typical for traditional ce-
ramic and organic phosphors, including rare-earths. 
Another feature of the developed materials is 
a dependence of spectrum transformation efficiency 
on the collimated solar radiation angle when pass-
ing through the fluorescence layer. This is caused 
both by a change of the physical properties of light 
(in particular, its spectral composition), and by the 
efficiency of the light transformation process itself 
by the layer with change of incidence angle h. Prob-
lems of light transformation efficiency connected 
with changing light ray angle when passing through 
the layer have been previously considered [13].

Further, incidence angle of collimated solar radi-
ation is determined by a known formula [16]

sin( ) sin( )sin( ) cos( )cos( )cos( )h tφ δ φ δ= + .	(11)

The incidence angle of collimated solar ra-
diation flux at Moscow latitude at noon is given 
in Fig. 6. Determination of the collimated and scat-
tered fluxes ratio was carried out formerly based 
on the triple-flux approximation [16]. PAR increase 
is estimated depending on natural illumination con-
ditions. A calculation of full PAR flux (or dose) was 
carried out using the formula:

ÔÀÐ phQ A S B D= + +Φ∑ ∑ ∑ ,	 (12)

where А = 0.6, В is transition coefficient from day-
time sums of direct solar radiation to the day-time 
sums of direct PAR (Table 1); S∑  is full flux of 

Fig. 9. Time change of clarity coefficient (1) and of scat-
tered flux share (2), relative units

Fig. 11. Natural irradiance spectrum under HPPE film 
(50 µ thickness) containing various concentrations of a 

photoactive component: 1 – ​unmodified film, 2 – ​contains 
0.1 mg/g of quantum dots, 3–0.2 mg/g, 3–0.4 mg/g, 5–0.6 

mg/g, 6–0.8 mg/g, 7–1.0 mg/g

Fig. 10. Total exposure of solar radiation (1), exposure of 
scattered radiation (2), and total exposure of the trans-

formed radiation in the PAR interval (3)
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scattered radiation, D∑  is full flux of direct radia-

tion, Фph is fluorescent flux.
Calculation results are given in Figs. 9, 10. Sea-

sonal changes of clarity coefficient and of the share 
of scattered radiation are given in Fig. 9. Further, 
the experimental irradiance spectra obtained for 
a photoactive component based on quantum dots 
CdSe/CdS/ZnS, Fig. 11, using formula (12), the con-
tribution of fluorescent flux Фph to PAR was deter-
mined (Fig. 10, curve 3). It is seen that in the (600–
650) nm PAR interval, radiation intensity increases 
by (15–65)% depending on the test time.

Experimentally, at first approximation, the effi-
ciency of light transformation (χ) can be estimated 
by changes of integral intensity in the (400–550) nm 
and of (550–700) nm spectral range:

550 700

400 550

( ) / ( )I d I dχ λ λ λ λ= ∫ ∫ .	 (13)

Processing the experimental data given 
in Fig. 10 showed that 60 % of the radiation ab-
sorbed in the blue area is fluoresced in the red area. 
Radiation losses are no greater than 40 %. In or-
der to correct the fluorescence spectrum, we also 
used mixtures of quantum dots dispersion with va-
rious maximum emission values. We have previ-
ously studied effective spectra of such mixtures 
in [14, 15].

It should be noticed that at Russia’s midlatitudes, 
yield capacity is almost proportional to the meteo
rologically possible PAR flux [17–20]. Therefore, 
when increasing PAR flux by 50 %, a proportion-
ate increase in photosynthetic intensity can be ex-
pected. This is illustrated by the spectrum under an 
HPPE film (50 µ thickness) containing various con-
centrations of a photoactive component (Fig 11). 
The figure shows a significant increase in radia-
tion intensity in the PAR interval.

We have carried out tests of the developed ma-
terial based on a HPPE film containing quantum 
dots at the same latitudes as Moscow region [21]. 
The following cultures were tested in protected 
soil: white cabbage (Brassica oleracia var. capita-
ta L.), cauliflower (Brassica oleracia var. botrytis 
L.), lettuce (Latuca sativa L.), tomatoes (Salanum 
lycopersicum erensuletum), and cucumbers (Cu-
cumis sativus). The results completely confirmed 
the assumptions.

The biomass of the Brassica oleracia var. capi-
tata L. cabbage grown under the light transforming 
film, was (45–75)% higher than under the reference 
conditions (a non-fluorescence film). Biomass in-
crease of the Brassica oleracia var. botrytis L. cab-
bage and of the Latuca sativa L lettuce was up by 
(30–40)% and (25–30)% respectively. Weight of the 
Salanum lycopersicum erensuletum tomato fruits 
and of the Cucumis sativus cucumber increased up 
to 35 % and 50 % respectively.

Some results of growing cucumbers of the Pres-
tige and Miracle brands in protected ground under 
fluorescent films are given in Table 2. The yield in-
crease in these experiments is significantly higher 
than the experiment statistical error. The results for 
the production capacity of the La-La-Fa brand of 
tomato (F1 hybrid) are given in Table 3. It can be 
seen that production capacity depends on quantum 
dots concentration in the covering material, and that 
maximum productivity corresponds to the material 
quantum dots concentration of (3–5) mg/g.

CONCLUSIONS

1. Studying the optical properties of polymer 
films containing quantum dots as a photoactive 
component led to identifying the main features of 
the solar spectrum transformation process. It was 
found out that solar spectrum transformation effi-
ciency depends both on fluorescent and optical film 

Table 1. Effective transition coefficients from day sums of direct solar radiation to day sums  
of direct PAR for various latitudes [18]

Locality latitude, grade
Month

5 6 7 8 9 10 11 12

66 0.40 0.40 0.40 0.39 0.37

50 0.41 0.42 0.42 0.41 0.405 0.385

23 0.425 0.425 0.425 0.425 0.420 0.415 0.410 0.41
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properties, and on some meteorological and astro-
nomic factors. In particular, on latitude, the Sun 
declination, daylight duration, shares of direct and 
scattered solar flux.

2. The dependence of fluorescence flux on the 
Sun declination angle is mainly connected with the 
factor of radiation reflection from the geometric sur-
face of angular dependence of the layer transform-
ing light and to a lesser extent, on the scattered flux 
share in total flux of incident solar radiation.

3. It is found out that the additional impact of 
fluorescent flux to the natural PAR flux at Rus-
sia midland latitudes increases during autumn and 
winter seasons and decreases during the summer 
months. Similarly, the efficiency of light transfor-
mation increases with latitude. This allows to draw 
the conclusion that the use of light transforming 
materials in order to intensify the photosynthesis 
process is very effective for the midland region of 
Russia, where there is an obvious PAR, practically 
during the vegetative stage of crops. Therefore, the 
use of light transforming materials is expedient both 
during the basic (summer) harvest period, and dur-
ing the autumn and winter periods.

4. The efficiency of light transformation can 
reach 50 %. There is very little loss (no more than 
40 %) of radiant flux from absorption by the film 

in the blue and near ultraviolet regions of the spec-
trum, and it is of little value for photosynthesis.

5. Preliminary cultivation experiments made 
with some greenhouse cultures showed a significant 
increase both of the general biomass, and in the fruit 
mass caused by the general intensification of photo-
synthesis as a result of PAR flux increase.

6. The optimum concentration of quantum dots 
in the covering material is estimated to be between 
3 and 5 mg/g.
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