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Abstract
Modern understanding of the material science of semiconductor silicon allowed the authors to propose a new concept 
of the so-called “charge pumping” in the structures of photovoltaic converters or solar cells. This paper presents 
theoretical estimates of the rate of separation and collection of light-generated charge carriers in the structures of 
conventional silicon solar cells and charge-pumped solar cells. Relatively cheaper so-called “solar silicon” of p-type 
conductivity is typically used in the industrial production of solar cells. This type of silicon is particularly prone to the 
formation of thermodonor centers. Partial or, at higher temperatures (about 400 °C), even complete overcompensation 
of the hole type of conductivity in the base region may occur as a result of prolonged heating. This paper presents an 
original model describing the local formation of n+ regions in the solar cell structure by the so-called “local photon 
annealing”. These regions were named “charge pumps”. Experimental data on the formation of n+ regions as a result 
of Li diffusion are reported as an experimental confirmation of the theoretical estimations made in this work. Com-
parative volt-ampere characteristics of experimental charge-pumped photovoltaic converters and conventional solar 
cells are presented, showing an up to 30% increase in the short-circuit current Js.c for the experimental structures 
under standard illumination (AM1.5). The proposed technological aspects of charge-pumped photovoltaic converter 
fabrication deliver a cheap process and can be implemented in the industrial production of solar cells with little effort.
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1. Introduction

The use of solar energy mainly depends on the cost and 
technology of energy conversion on an industrial scale. 
The electromagnetic radiation of the Sun that reaches the 
Earth has components with different wavelengths. About 
45% of this radiation is infrared, with wavelengths great-
er than 0.75 µm, whereas the fraction of ultraviolet radia-
tion (≤ 0.38 µm) constitutes approximately 7%. The max-

imum intensity of the radiation (~48%) is in the visible, 
or light, spectrum of the wavelengths (0.38–0.76 µm), 
which photoelectric converters (PEC) use to transform 
the energy of light into electricity. In the last half-century, 
several types of solar cells (SC) have been developed, 
among which those based on single-crystal (c-Si) and 
multicrystalline (mc-Si) silicon have the largest market 
share due to the relatively high availability of silicon. 
The relatively low cost of silicon-based SC technologies 
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largely accounts for the increasing production of mc-Si 
solar cells. The efficiency of SС conversion described by 
the efficiency factor η reaches 26.7% for conventional 
ground-based c-Si solar cells. For mc-Si solar cells, η = 
26.3% [1] (confirmed single-junction terrestrial cell and 
submodule efficiencies were measured under the global 
AM1.5 spectrum (1000 W/m2) at 25 °C according to IEC 
60904-3:2008 or ASTM G-173-03 global standards). For 
conventional silicon based PECs, the physical limit of ef-
ficiency has been practically reached by modern design 
and technology [2]. At the same time, more and more re-
searchers of new PEC designs report η ≥ 30%. For exam-
ple, photonic crystal structures of c-Si solar cells [3] have 
shown an efficiency of 29–30%. These photonic crystals 
have a thickness of 3–12 µm and consist of inverted-pyr-
amid arrays which, because of their interference prop-
erties, significantly concentrate and absorb sunlight and 
expand the absorbed spectrum. The density Js.c of the 
short-circuit current produced by solar energy absorption 
is about 40.49–42.65 mA/cm2 in the 300–1100 nm wave-
length range. If solar energy is concentrated to a level 
of 20 suns and 150 suns, η can reach 32.5% and 33.5%, 
respectively.

The PEC design described in [3] has not yet found 
wide industrial application. Most of the SCs for ter-
restrial use are made of the cheapest wafers of “solar” 
silicon and multisilicon which have many structural de-
fects and residual impurities. This leads to spatial inho-
mogeneity of the recombination-lasing properties in the 
radiation-absorbing volume of the PEC base. However, 
solar cells made of “solar” silicon wafers do not show 
inferior behavior compared to those made of more per-
fect single-crystal silicon wafers, and in some cases they 
even exceed the latter ones in the conversion efficiency 
[4–7]. 

The large size of SС wafers (~200 cm2) leads to mac-
roscopic fluctuations of SC parameters in different parts 
of the front surface thus complicating a conventional 
assessment of the photoelectric characteristics using 
the averaged lifetime τef and diffusion length Lef. It be-
comes necessary to clarify the transport mechanisms of 
light-generated carriers in materials with heterogeneous-
ly distributed spatial defects. One possible way to reduce 
recombination losses in “solar” silicon wafers may be to 
decrease the separation (collection) time of photogenerat-
ed carriers, which can be achieved by reducing the thick-
ness of the SC base region to 3–12 µm [3]. The typical 
thickness of the surface layer of SC wafers is at least one 
order of magnitude larger, 100–350 µm, depending on the 
size of the wafer. 

Among the actively developing SC production pro-
cesses providing for a more efficient use of silicon, the 
ribbon growth on substrate (RGS) technique involves 
no material losses [4], primarily due to the reduction of 
silicon waste generated during ingot cutting into wafers, 
grinding and polishing. However, the RGS-obtained 
structures have a low lifetime τef ~ 0.1 ms because of high 
concentrations of crystal defects, oxygen, and carbon.

Solar cells fabricated using the RGS method can 
achieve conversion efficiencies of above 12% and a 
short-circuit current density Js.c of up to 34 mA/cm2 
under standard illumination, this figure being typical 
only of good single-crystal silicon SC with much high-
er minority carrier diffusion lengths. These properties 
are due to the existence of a three-dimensional network 
of inversion channels formed by densely packed pre-
cipitates around dislocations. Called current collecting 
channels (CCC), they can collect minority carriers in the 
main part of a solar cell and direct them to the collec-
tor p–n junction. Despite the small diffusion length, the 
volume of collected carriers increases dramatically [4–7]. 
One or another CCC structure is uncontrollably formed in 
the RGS process. Various measures are taken to use these 
structures to increase the SC efficiency.

The collection of charge carriers can be increased by 
implementing the charge pumping effect in the SC struc-
ture [8–11]. The theoretical justification and experimental 
confirmations of the proposed effect are described below.

2. Theory

The efficiency of photovoltaic converters has a signifi-
cant impact on the cost of the generated solar electricity. 
Analysis has shown [12] that an increase in the efficien-
cy of solar cells from 14.4 to 21.5% reduces the cost of 
electricity generation by 39–41%. In recent years, the ef-
ficiency of mass-produced crystalline silicon solar cells 
has been increasing by about 0.5–0.6% annually.

The main irreversible energy losses in a PEC are as 
follows:

–  reflection of part of the solar radiation from the sur-
face of the converter;

–  passage of part of the radiation without absorption 
(the long wave spectrum region);

–  scattering of the excess energy of photons on pho-
nons (the shortwave spectrum region);

–  recombination of the generated charge carriers in 
the volume and on the surface of the PEC;

–  internal ohmic resistance of the volume and contacts 
of the PEC;

–  decline of the photo electromotive force (emf) with 
increasing temperature. 

The first three types are optical losses ηopt, the remain-
ing three are recombination losses ηrec. The total efficien-
cy η can be represented as

η = ηoptηrec.

The efficiency ηrec characterizes the fraction of the photo-
carriers separated (collected) by the p–n junction and the 
created photo emf of the total number of generated elec-
tron–hole pairs in the volume of the PEC structure. The 
maximum value of the optical efficiency is determined 
by the spectral composition of the solar radiation and the 
bandgap width of the semiconductor; for single-crystal 
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silicon ηmax = 0.29–0.3 in the absence of recombination 
losses (ηrec = 1) [13]. Further increase in the optical ef-
ficiency is associated with raising the internal quantum 
yield of the structure in the blue (shortwave) spectral re-
gion and boosting its photoelectric absorption coefficient 
in the red (long wave) spectral region. Simultaneously, 
conditions are provided for light trapping due to internal 
reflections from the front and rear surfaces of the cell. 
Until recently, the main method of increasing the efficien-
cy of PECs was considered to be decreasing the recom-
bination rate both in the volume (increasing the volume 
lifetime of nonequilibrium charge carriers τef) and on the 
surface.

The concept of charge pumping, or the controlled 
formation of so-called “charge pumps” in SC structures 
[8,  9], is a direction of silicon technology development 
for industrial production of PECs with an increased effi-
ciency. Schematic structures of conventional solar cells 
and those based on charge pumping (SCCP) are shown 
in Fig. 1. In comparison with conventional structures, the 
incorporation of local n+ regions with a floating potential 
into the p-type base leads to a change in the mechanism of 
separation and collection of photogenerated nonequilib-
rium charge carriers. Charge pumps can be metal–semi-
conductor (Schottky barrier), dielectric–semiconductor, 
and metal–insulator–semiconductor systems, as well as 
local heterojunctions, quantum wells, quantum wires, and 
quantum dots. The main task of charge pumps is to re-
duce the recombination losses in the volume and on the 
surfaces of the front and rear electrodes without increas-
ing τef (e.g., without perfect silicon crystals obtained us-
ing the zone melting method), by reducing the separation 
time (base flight) in a SC. This allows a more efficient use 
of cheaper “solar” silicon grown using the Czochralski 
method or multisilicon with a columnar structure. The 

electron time of flight in the p-type base with charge 
pumps is determined by the diffusion flight time through 
the W layer for the minority charge carriers (electrons in 
the case of a p-type base) and the drift time of electrons 
which are the majority carriers in the n+ region of the 
thickness h. The charge time of the local n+ region which 
is determined by the photovoltage generated by the light 
(Fig. 1 c) is 5 · 10-11 s [10]. Thus, the main inertia is due 
to the diffusion time through the W layer. The thickness 
of this layer is determined by the location and configu-
ration of the charge pump (n+ area), which can be tenths 
or hundredths of the total base thickness d. Therefore, in 
comparison with conventional structures having a similar 
base size the charge separation time is reduced by one 
and a half to two orders of magnitude, which significantly 
reduces the recombination losses. Theoretical estimates 
[10] show that in a structure in which half of the area 
(volume) is occupied by charge pumps with W = 0.1d and 
the other half has the p-type base thickness d, the efficien-
cy increases from 15% to 21% with the same recombina-
tion properties.

An equivalent circuit of a solar cell with n+ charge 
pumps (Fig. 2) can be represented as a multi-emitter 
transistor operating in saturation mode [10]. The current 
generator JL0 describes the collection of charge carriers 
in the volume defined by the area S0 and the thickness W 
of the n+–p junction (“blue” region of light, λ < 0.5 μm). 
For a silicon solar cell oriented to fully absorb the “blue” 
spectrum of solar radiation, W >> 3 · 10-4 cm. Because of 
simplification of the technology and a smaller influence 
of the blue spectrum region on the current generators 
of the charge pumps (JL1, …, JLi), we chose an ample 
value of the thickness, W = 20 · 10-4 cm. The function 
of the recombination current diode (dark current) in the 
diode equivalent circuit is implemented by the collector 

Figure 1. (a) Conventional PEC structure, (b) “bun with rai-
sins”-type SCCP structure, and (c) a fragment of a double-sec-
tion structure of a strip-type SCCP
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junction with a much lower saturation current for the 
same area, JC ~ tanh(W/L). The multi-emitter transistor 
operates in saturation mode. For a qualitative analysis, all 
the currents of the generators in the emitter circuit should 
be summated:

JLƩ = JL1 + JL2 + … + JLi.

Then the short-circuit current (active mode limit) is

Js.c = JL0 + αNJLƩ,

where αN is the transfer coefficient of the current emitter 
for normal connection (αN > 0.9).

The open-circuit voltage from the Ebers–Moll model 
for transistor (double section S1 and S2) can be calculated 
as

Uo.c = φT ln(JL0 + αNJLƩ)/JC,

where IC = S1JC tanh(d/Ln) + S2JC tanh(W/Ln), S1 + S2 = S0 
and S2 is the area of the pumps.

The integral efficiency of a two-section SCCP struc-
ture depends on the ratio of the p-type base and charge 
pump areas in the SC structure. For a standard PEC 
structure with d = 180 µm, area S0 and η = 15%, the ef-
ficiency increases to 18.6% after embedding of a charge 
pump having the area S2 (S2/S0 = 0.3) in the base region 

of the  n+ layer. At S2/S0 = 0.5, the efficiency increases 
to  21%, and at S2/S0 = 0.7, to η = 23.4% [9].

The above estimations indicate that the proposed 
two-section SCCP structure allows us to improve the effi-
ciency. Similar results were obtained in calculations of an 
equivalent circuit in which the recombination losses were 
taken into account via the transfer coefficient:

ηrec = β = sch(W/L).

3. Experimental methods

The PEC samples were made of p-type silicon with a re-
sistivity of 7.5 Ωcm, surface orientation (100) and a wafer 
thickness of 280 μm. The collecting n+–p junction on the 
front side and the p+–p junction on the back side were 
formed from TEOS-based films using the rapid thermal 
processing technology (RTP) according to a method de-
scribed earlier [14]. The total area of the experimental 
PEC structure was 5 × 5 cm2 (Fig. 3 a, b). The metallic 
contacts were formed using standard silk screen printing 
methods with the same mask for the front and back sides 
(Fig. 3 b, c). 

The removable photomask for forming strip-type 
charge pumps in the PEC structure (Fig. 4 a) was made 
from a 3-mm-thick stainless steel plate. The mask 

Figure 2. Equivalent substitution circuit of SCCP

Figure 3. Experimental SC structure: (a) front side, (b) back side, (c–e) formation of a charge pump
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contained a set of through holes formed by milling, each 
hole being 1 mm wide and 5 cm long. The distance be-
tween adjacent holes was 3 mm which made it possible 
to place them in the contact metallization gaps of the ex-
perimental PECs when they contacted the back side of the 
PEC structure (Fig. 3 b, c). This mask design was used 
for the formation of strip-type charge pumps in the PEC 
structure (Fig. 3 c–e).

Two photomasks rotated relative to each other by 90° 
were assembled together using microscrews (Fig. 4 c). 
The obtained structure with a total thickness of 6 mm 
had 1 × 1 mm2 through square holes (Fig. 4 c) making it 
possible to use it for implementing the local photon an-
nealing (LPA) mode. The photomask was placed on the 
SC structure to cover its whole surface and after the end 
of the light treatment it was removed from the wafer so 
that the heating temperature of the plate did not exceed 
45–55 °C as a result of the treatment. Thus, the photo-
mask also performed the function of a thermal screen 
that prevented the plate of the solar cell from overheating 
during the treatment.

The parameters of the finished solar cell wafers were 
measured using a PASAN900 tester with a pulsed ra-
diation source under standard illumination conditions 
(AM  1.5 spectrum, illumination intensity 1000 W/m2, 
temperature Т = 25 °С).

The surface temperature of the SC samples was mea-
sured using a Term PRO-1200 pyrometer.

4. Results and discussion

The effect of charge pumping on PEC parameters can be 
demonstrated for the examples of “bun with raisins”-type 
(Fig. 1 b) [10] and strip-type (Fig. 1 c) [11] experimental 
SCs.

4.1. SCCP structures with strip-type charge pumps

Local strip n+ structures of charge pumps in the p-type 
base of the PEC (Fig. 1 c) were formed via photon dop-
ing with lithium which was chosen as a donor impurity 

due to its low injection temperature and recombination of 
precipitation, leading to suppression of the local recombi-
nation rate and hence to an increase in Js.c.

The limited diffusion solubility of Li in Si can reach 
1019 cm-3 at about 670 °C [15]. To form n+ regions, the 
concentration profile of the n-type impurity should be 
such that not to overcompensate the doping level of the 
near-contact p+ layer, and vice versa, it is possible to 
overcompensate the doping level of the p-type base, the 
doping depth was chosen such that to avoid diffusion 
overlap of the n+ areas in the lateral direction and electri-
cal shorting (closure) of the collector and top layers. 

Figure 5 shows the experimentally obtained depen-
dences of the depth of p–n junctions formed by Li dif-
fusion in the experimental PEC structure on the specific 
power of the halogen lamps and the photon doping time. 
By setting the specific power of the lamps, we control the 
process time required to obtain junctions at the desired 
distance from the charge pump and the collector layer.

The topology of pump arrangement in the p-type base 
should provide for low small series resistance Rs of the 
rear electrode (Fig. 1 b, c). To this end, elements having a 
discrete height (columns) must be located along the per-
pendiculars to the rear surface, the total thickness of the 
vertical gaps being (0.1–0.2)d. Current transfer in such a 
structure is provided by two flows: diffusion of electrons 
in the volume of the p-type base with the thickness d and 
a flow parallel to the electron drift in the n+ regions of the 
pump with sequential injection and diffusion through the 
gap W of the p-type base (Fig. 1 c).

The strip structures were formed by local deposition 
of a lithium film on the back side of the plate through 
a metal mask (Fig. 4 a) as shown in Fig. 3 d. The mask 
was in the form of an appropriately sized stainless steel 
plate with through-slotted strips located between the PEC 
contact strips on the back side. Lithium was deposited 
in a vacuum of 1.3 · 10-2 Pa from a resistive evaporator, 
the thickness of the metal film being 2 ± 0.5 µm (Fig. 3 
d). The PEC structure was then removed from the vac-
uum chamber and loaded in a photon annealing facility 
[14] for 20 s heating with P = 37 W/cm2 power lamps. 
As a result, charge pumps were formed in the strip of the 

Figure 4. Removable overhead photomask: (a) front photomask, (b) back photomask, (c) obtained structure
а b c
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n+ regions in the base having the p-type conductivity. The 
lithium diffusion depth h determined from the depth of 
the n+–p junction formed in this mode was 158 ± 5 μm 
(Fig. 3 c).

Analysis of the I–V characteristics of the experimen-
tal PECs under standard illumination conditions be-
fore and after the formation of charge pumps in the SC 
structure showed an increase in the short-circuit current 
from Js.c.0 = 274 mA for the original structure to Js.c = 
354 mA for the SCCP structure (∆Js.c./Js.c.0 > 0.29) [10]. 
The open-circuit voltage Uoc of the original structure 

was  0.565 V, whereas for the SCCPs it was slightly high-
er, 0.577 V.

Thus, the formation of charge pumps in the strip-
shaped n+ regions of the p-type base via Li diffusion leads 
to an increase in the short-circuit current. 

4.2. SCCP with a “raisin bun”-type structure

Rapid thermal annealing (RTA) attracts the attention of 
researchers as a means of solving various defect engi-
neering problems such as annealing of radiation defects, 
impurity activation after ion implantation into silicon and 
annealing of thermal donor defects typical of heavily bo-
ron-doped Cs–Si wafers [16]. Many studies dealt with the 
formation of defective oxygen-containing regions in the 
substrate for subsequent internal gettering processes [17–
19]. Using similar processes, researchers [11, 19] have 
experimentally demonstrated the possibility of creating n 
regions in the wafer volume having p-type conductivity. 

These conduction regions have been proposed to be 
used for creation of charge pumps in the p-type base re-
gion of PECs [8–12]. 

The process of thermal donor formation is sensitive to 
the presence of defect clusters, getter layers or inhomoge-
neities in the silicon structure which generate mechanical 
stress fields [20, 21].

In this work, charge pumps with a discrete morphology 
(Fig. 1 b) were formed using LPA in a photon annealing 
unit [14] with a photomask (Fig. 4 с) providing spatially 
discrete light beams. Controlled introduction of charge 
pumps into local areas of the experimental PEC struc-
ture was achieved via local photonic impact with halogen 
lamps having a specific power of up to 50 W/cm2. 

Figure 5. Depth of p–n junctions formed by Li diffusion in the 
experimental PEC structure as a function of specific power of 
halogen lamps and photon doping (annealing) time. p-type Si, 
surface orientation (100), resistivity ρv = 7.5 Ωcm

Figure 6. Photonic I–V characteristics of the PEC: (а) original structure, (b) structure after treatments

а b
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Figure 6 shows the photonic I–V characteristics of 
the PEC having the area S = 5.37 cm2 and the thick-
ness h = 260 µm. LPA treatment was performed in air at 
P = 44 W/cm2 for 9 s. Analysis of the results is shown in 
the insets of Fig. 6. The dots on the curves mark the max-
imum power Pm. Тhe power of the PEC samples after the 
LPA treatment increased, ∆Pm/Pm0 = 0.059.

Depending on the photon pulse duration (5–30 s at 
P = 44 W/cm2), the change in ∆Pm/Pm0 ranged from 3% 
to 35%, reaching its maximum in the 8–13 s range. At 
the same time, the maximum increase in the short-cir-
cuit current ∆Js.c./Js.c.0 ≈ 0.37 was observed for samples 
with initial efficiencies of lower than 15%. For samples 
with ≥17% efficiencies and short-circuit current densities 
Js.c. > 35 mA/cm2, ∆Pm/Pm0 was 7–15%.

The photon pulse duration exceeding 20 s, Js.c and Pm 
in some samples decreased by more than 50%. Local irra-
diation forms chains of clusters which turn into conduct-
ing n-type channels in the p-type base. Light-generated 
electrons located at the distance Lef from those channels 
are driven inside the channels by the electric field and 
transported by a drift mechanism similar to that for built-
in charge pumps formed by doping with n impurities.

5. Conclusions

Modern achievements in the material science of semicon-
ductor silicon provide for further development of theo-
retical and practical applications of the research results 
in the production of photoelectric converters. This paper 
deals with the PEC structure applications of the “charge 
pumping” concept developed by the Authors. 

It is shown that, according to the proposed concept, 
recombination losses in SC structures can be reduced not 

only by increasing the volumetric lifetime of nonequilib-
rium charge carriers τef, but also by reducing the separa-
tion time of photogenerated carriers via so-called “charge 
pumps”. This provides for wider application of relatively 
cheap “solar” silicon wafers in SC production.

A theoretical analysis of the mechanism of photogene-
rated charge carriers collection in charge-pumped photo-
electric converter structures was carried out.

An equivalent substitution circuit of solar cells with n+ 
charge pumps was developed which can be represented 
as a multi-emitter transistor operating in saturation mode.

Experimental studies carried out using the proposed 
defect-impurity engineering methods confirmed the theo-
retical conclusions regarding the possibility of increasing 
the short-circuit current Js.c and the maximum power Pm 
by forming charge pumps in the structure of the experi-
mental SC.

For the successful implementation of the charge pump-
ing method studied in this paper and hence improving the 
PEC parameters, it is necessary to take into account the 
real design and technological features of the manufacture 
of specific PECs (specific parameters of the silicon wa-
fers used, processes used for their treatment, etc.).
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