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Abstract—The aim of the study is to apply a method commonly used to determine the efficiency of multi-
junction nanoheterostructure I11—V solar cells by analysis of the dark current—voltage (/—V) characteristics
to such an unconventional semiconducting material as amorphous silicon. a-Si:H and a-Si:H/uc-Si:H p—i—n
structures without a light-scattering sublayer or an antireflection coating are studied. The results of measure-
ments of the dark /—V characteristics demonstrate that the voltage dependence of the current has several
exponential portions. The conversion efficiency of solar cells (SCs) is calculated for each portion of the dark
I—V characteristic. This yields a dependence of the potential SC efficiency on the generation current density
or on the photon flux. The observed agreement between the data derived from the experimental characteris-
tics and results of calculations can be considered satisfactory and acceptable, thus the method suggested for
measurement and analysis of dark /—V characteristics and tested earlier on SCs based on crystalline 111V
compounds acquires a universal nature. The analysis of the characteristics of p—i—»n amorphous silicon structures
and the calculation of potential efficiencies, based on this analysis, extend the authors’ understanding of this class

of devices and make it possible to improve the technology and photoconversion efficiency of SCs of this kind.
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1. INTRODUCTION

Despite the large volume of earlier studies of solar
cells (SCs) based on amorphous silicon, their dark
current—voltage (/—V) characteristics have been
insufficiently studied. There have been separate publi-
cations [1, 2] in which the general form of the /I—V
characteristics of a particular cell and their simplest
description were given; however, studies of this kind
are not systematic. No attempts have been made,
either, to relate specific features of the dark /—V char-
acteristics of amorphous semiconductor structures to
the efficiency of SC’s based on these structures.
Three goals are pursued by this study. The first is to
measure the forward dark /—V characteristics for a set
of single-junction cells based on amorphous silicon
a-SiH and pe-SiH + a-Si:H tandems. The second is to
analyze the forward dark /—V characteristics and to
determine the dominant charge-transport mecha-
nisms. The third is to estimate, on the basis of the data
obtained, the maximum achievable (potential) photo-
conversion efficiency of the cells by the following
parameters: the pre-exponential factor J;, the diode
coefficient A, and the quality factor of the p—n junc-
tion, all found from the experimental forward dark /—V
characteristics. This is to be done by using a calcula-
tion procedure based on equations relating the effi-

ciency n and the photogenerated current J, to the
parameters A and Jy,; of the dark /—V characteristics,
first suggested for photovoltaic converters based on
III—V materials in [3, 4]. The results of these calcula-
tions are compared with the efficiencies found by mea-
suring the light /—V characteristics of SCs based on
amorphous silicon (a-Si:H) and an a-Si:H + pc-Si:H
tandem.

2. SAMPLE FABRICATION

The p—i—n amorphous silicon structures were fab-
ricated by the successive deposition of three layers
onto glass and quartz substrates with a preliminar-
ily deposited current-conducting contact layer of
indium-tin oxide (ITO): boron-doped p-type layer,
intrinsic i layer, and phosphorus-doped n-type layer.
Further, a contact layer of aluminum was deposited.
The silicon layers were deposited in the glow discharge
plasma of silane (SiH,) diluted up to 6% with hydro-
gen. For doping to yield the p- and n-types, gases were
added to the silane: diborane B,H¢ and phosphine
(PH;), respectively. The substrate temperature was
300°C. The whole process was monitored in situ by
optical interferometry, which made it possible both to
determine the layer thicknesses and, to a certain
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Fig. 1. Experimental forward dark /—V characteristics of
an a-Si:H SC (curves /-5) and a pc-Si:H + a-Si:H tan-
dem SC (curve 6), measured at room temperature.

extent, monitor their quality by estimating the relative
refractive index of the film being deposited. The thick-
ness of the p layer did not exceed 10 nm, and that of the
i layer, 450 nm. The fabrication process of amorphous
silicon p—i—n structures has been more than once
described in ample detail in available publications,
and, therefore, we only give its brief description here.
The structure based on pc-Si:H primarily differed in
the technique used to produce the i layer. In this case,
the plasma discharge power was raised by a factor of 2
or more, and silane was diluted with hydrogen in the
range from 7—8 at % to the topmost 20 at %. The dilu-
tion with hydrogen and the higher plasma discharge
power transformed the film growth mode to that of
“growth—etching,” which favored the formation of
silicon nanocrystals 10—30 nm in size, embedded in
the amorphous matrix. The microstructure of this
material was monitored by high-resolution transmis-
sion electron microscopy. Fabrication of the required
microstructure was facilitated and controlled by a
magnetic field provided by small (0.5 x 0.5 cm)
alternating-sign permanent magnets arranged on a
plane and situated outside the discharge zone, behind
the anode electrode. The microcrystalline silicon
pe-Si:H obtained under conditions of strong dilution
with hydrogen has an energy gap 0.2—0.3 eV wider
than that of a-Si:H [5, 6]. This circumstance opens up
prospects for the fabrication of a double structure, a
tandem SC formed by two successively formed p—i—n
structures based on pic-Si:H on top of a-Si:H and elec-
trically connected by a heavily doped n**—p** tunnel
junction serving as an internal ohmic contact. Because
the pe layer is composed of a wider-gap material, it is
hoped that the spectral sensitivity range of the tandem
cell will be wider, with the photovoltage and efficiency,
accordingly, becoming higher. However, the whole
gain in efficiency may be lost if the ohmic resistance of
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the connecting n**—p** tunnel contact is high. Losses
will be mainly observed in the photocurrent and the fill
factor.

We studied the dark and light /—V characteristics of
several cells based on a-Si:H and a pc-Si:H + a-Si:H
tandem. We emphasize once again that the goal of
obtaining cells with maximum efficiency was not pur-
sued. On average, the efficiencies of the a-Si:H cells
under study were in the range of 4—6%.

3. EXPERIMENTAL RESULTS

The dark /—V characteristics were measured by a
direct-contact method on an installation with auto-
matically recorded results. The external bias was var-
ied from 0 to 3 V, which made it possible to study, if no
breakdown occurred, specific features of the I—V
characteristics for the third portion of the dark /—V
characteristic, or, in other words, in the “superinjec-
tion” range, i.e., under conditions of exhausted diffu-
sion transport and current control by other processes.
In an exponential approximation of this portion, the
diode factor always exceeded 2 (4 > 2), and approxi-
mation of the entire of this portion with series ohmic
resistance R; is not correct in a wide range of external
biases. However, in the initial region of the transition
from the “recombination-diffusion” process to “super-
injection” (up to 1.5 V), it seems quite acceptable. For
the main group of a-Si:H p—i—n structures studied,
the forward bias was chosen within the range 0—1.5 V.

The “light” (load) /—V characteristics were mea-
sured on a sunlight simulator operating in the “con-
stant current mode.” The spectrum of a KGM (halo-
gen) incandescent lamp was adjusted with light fil-
ters. This system is convenient in operation and
enables measurements in selected spectral ranges.
However, the photon flux in it is lower than the stan-
dard AM1.5 value and a correction coefficient is
required. We found this coefficient by comparing data
obtained on a simulator with those under exposure to
high unscreened Sun in June—July, ~1000 W m—2.

The experimental forward dark /—V characteristics
of the samples under study are presented as follows.
The a-Si:H samples: no. 187, curve 2 in Fig. 1;
no. 191, curve 4in Fig. 1 and curve 3in Fig. 2; no. 247
curves / in Figs. 1 and 2; no. 2916, curve 3 in Fig. 1;
no. 5320, curve 5 in Fig. 1; the tandem structure:
no. 250, curves 6 and 5 in Figs. 1 and 2, respectively.
For rough estimation, Fig. 1 shows by dashed lines the
exponentials calculated with the diode coefficients
A=2and 1. It can be seen that the dark /—V charac-
teristics of all the samples contain, at least, three
clearly pronounced segments. Within each separate
segment of the /—V characteristic, the experimental
dependences are exponentials of the type
Joexp(eV/AkT), with varying values of the diode coef-
ficient A (diode quality factor). Most of the studied
dark /—V characteristics of the a-Si:H SCs contain, at
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bias voltages of 0.55t0 0.75V, a certain “median” por-
tion with a diode coefficient that has a characteristic
value of A = 2—1, which is indicative of mixed recom-
bination (Sah—Noyce—Shockley) and diffusion (Shock-
ley) [7, 8] charge transport mechanisms in the space-
charge region (SCR) of the p—i—n junctions studied.
Figure 2 shows detailed fitting of two most typical SC
samples, a-Si:H and a pc-Si:H + a-Si:H tandem, to
the experimental /—V characteristics. It can be seen
that, for a-Si:H SC no. 191, represented by curve 3,
the recombination-type charge-transport mechanism
A = 2 is dominant in the “median” portion, whereas
for sample no. 247, curve I, a gradual transition from
the recombination-type charge-transport mechanism
to a purely diffusion mechanism with A = 1 is observed
with increasing forward voltage. The experimental for-
ward dark /—V characteristic of the pc-Si:H + a-Si:H
tandem SC (sample no. 250, curve 6in Fig. 1 and curve 3
in Fig. 2) has the following specific features: the
“median” portion is shifted along the voltage scale to
higher voltages, by approximately the amount of the
relative change in the open-circuit voltage of the tan-
dem SC (V,.), to 1.4 eV and the diode coefficient is
equal to its doubled value for the “recombination” por-
tion of the single-junction a-Si:H cell, ie., 4 = 4
(Fig. 2). In terms of the model suggested in [3, 4], this
corresponds to the following: the diode coefficient of
the multijunction SC is an arithmetic sum of coeffi-
cients (A=A, + A, + ... + A,) and the pre-exponential

factor (Jp) is the geometric mean J, = 1/J, J ...J, of
the pre-exponential factors of all its constituent pho-
toactive junctions. Thus, we have for the “median”
portion of the pc-Si:H + a-Si:H tandem SC a domi-
nant “recombination” mechanism of charge transport
in the SCR from the constituent photoactive p—i—n
diodes, A =4 and J, = 1.6 x 1078 A cm2. Using the val-
uesJy,=1x 10782 x 10~ A cm~2, obtained by fitting
of the experimental dark /—V characteristics of the
a-Si:H SC, we can estimate the pre-exponential factor
for pe-Si:H of the photoactive junction in the pe-Si:H +
a-Si:H tandem SC under study, i.e., Jy,. = 1 x 107—
2.5%x 1077 Acm™2

Comparison of the I—V characteristics for the
entire set of samples shows that all the curves are qual-
itatively similar and differ only in particular parame-
ters of their portion segments: A and J;,. The general
run of the curves on the whole corresponds to that of a
“classical” I—V characteristic for a p—n junction [9].
The I—V characteristics have three clearly pronounced
portions. The initial, “tunnel-trap” portion, observed
at low voltages of up to 0.3—0.4 V, is described by an
exponent of the exponential function exp(eV/AkT),
with the diode coefficient A > 2, and a pre-exponential
factor J,, in the range 5 x 10> to 1.6 x 10~ A cm2.
The main, “median” portion at voltages of 0.45—
0.85V has A4 within the range 2.0—1.0, and J,,, of 5 x
102to 1.6 x 10~ A cm~2. The third portion, observed
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Fig. 2. Experimental forward dark /—V characteristics of
two a-Si:H SCs (sample nos. 191 and 247) and pc-Si:H +
a-Si:H tandem SC (sample no. 250): curves 1, 3, and 5,
experiment, room temperature; curves 2, 4, and 6, calcu-
lation (fitting). Curve / contains four exponential portions:

“tunnel-trap” with 4> 2, Joy5 = 3.0 x 107> A cm™>
“recombination” with 4 =2, Jy 4= 5= 1.2 x 107 Acm™;
and “diffusion” with A = 1, Jyg— 1y = 7.6 x 107> Acm™;
and “superinjection” with 4> 2, Jy 4> 2 =4.5 % 1074 Acm™.
Curve 4 contains three exponential portions: “tunnel-
trap” with 4> 2, Jo4 5 9) = 2.7 % 1078 A cm™; “recombi-
nation” with A = 2, Jy4—2 = 1.3 x 107" A cm™ and
“superinjection” with 4> 2, Jy(4 5 2y = 3.0 x 107°Acm™2.
Curve 5 contains three exponential portions: “tunnel-
trap” with A > 2, Jy459) = 2.7 % 1078 A em™2; “recombi-
nation” with A = 4, Jy4— = 1.3 x 107" A cm™?; and
“superinjection” with 4> 2, Jy(4 5 2) = 3.0 x 107°Acm™2,

at bias voltages exceeding 0.8 V, has A > 2, and J,; in the

range from 5 x 107#t0 2.6 x 107® A cm~2. In the most
general case, the “median” portion is interpreted in
accordance with the value of the diode coefficient,
A= 2—1, as resulting from a “recombination” process
supplemented with a “diffusion” contribution. For
some of the samples (nos. 5320, 187, 247), this portion
can be reliably subdivided into two: in the lower range
of biases, a clearly pronounced “recombination”
component is observed, whereas with increasing bias
voltage, there occurs a transition to a purely “diffu-
sion” (Shockley) mechanism with the diode coeffi-
cient A = 1. The third portion (U.> 0.8 Vand A > 2) is
commonly defined in some reports [10] as the “super-
injection” portion, and we will adopt this terminology.
The increase in the parameter to 4 > 2 may be due to
various mechanisms. These include: current limita-
tion by the space charge of injected electrons and
holes, uncompensated in the region of the p—n junc-
tion [10]; emission-tunneling processes in the contact
regions [11]; and, at even higher voltages creating a
field strength of £ ~ 10° V cm™!, “tunnel-field hop-
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Table 1
Charge transport mechanism R
9
2
Structure tunnel-trap recombination emission-tunneling | (€2 €M")
Jor, Acm™? A U,V | Jy, Acm™ A Uy, V| Jo; Acm™ A Q/exp
a-Si:H 2.1x1078 >2 0.45 2x 107! 2 0.83 2.6x107° >2 7.5/0.1
sample no. 191
a-Si:H 8x 1077 >2 0.5 5.3x 107! 2 0.85 2x1073 >2 1/0.1
sample no. 246
a-Si:H 4x1077 >2 0.45 1x 10710 2 0.85 8.6 %1073 >2 5/0.1
sample no. 2916
a-Si:H + p-Si:H 9x1073 >2 0.9 1.6 x 1078 4 1.1 3.2x 1074 >2 1/0.01
sample no. 250
Table 2
Charge transport mechanism
R,
PSR )
Structure tunnel-trap U, | recombination diffusion y, | cmission-tun- | (Qcm?)
neling
JopAcm™2| A4 V | Sy, Acm™2| A |Jyp Acm™2| A V | JypAem™2| A | Qfexp
a-Si:H, no. 5320 6x 107° >2 103 [96x107'1| 2 [3.6x10°P 1 0.8 25x1073 | >2 1/0.1
a-Si:H, no. 187 | 7x107° | >2 | 0.4 4%10710] 2 | 23x1073| 1 0.85 | 5.6x107° | >2 | 1/0.1
a-Si:H, no. 247 3x 107 >2 | 045 |12x107° | 2 |7.6x10°1 1 0.8 45x107* | >2 |3.5/0.1

ping” phenomena of the multistage-tunneling type
(Fowler—Nordheim) [8]. Since a solar cell based on
amorphous materials operates at voltages of about 1V,
the detailed physical nature of these processes is not of
fundamental importance for calculations of the pho-
toelectric conversion efficiency. The third portion of
the /—V characteristic is more likely to be important as
an indicator that the current rise rate has started to fall.
This process is equivalent to an increase in resistance
in the current circuit, although the physical process is
in fact much more complex. In view of the aforesaid,
the complex physical processes can be simply simu-
lated for the initial part of the third portion, at 1—1.5V, by
an equivalent ohmic resistance R, whose value is found
by fitting of the calculated /—V curves to the experi-
mental characteristics (Fig. 2). A brief comment
should be added to the above general description of
dark /—V characteristics. It is important to empha-
size that the “recombination-diffusion” process is
observed in all the samples under study. This is indica-
tive of the rather high quality of the material of the
cells. For amorphous silicon fabricated by an unopti-
mized technology and for, e.g., alloys of amorphous
silicon with carbon and some other materials, the
quality of the p—n junction is, as a rule, deteriorated
and the “recombination-diffusion” component of the
IV characteristics may not be observed at all.

Charge transport in materials of this kind was con-
sidered in [12].

The results of detailed processing of the experi-
mental forward dark /—V characteristics as a sum of
the portions corresponding to different charge trans-
port mechanisms in the SCR at various bias voltages
are listed in Tables 1 and 2. Table 1 lists the parameters
of the structures under study with the dominant
recombination mechanism of charge transport in the
SCR of'the p—i—n junction in the “median” portion of
the dark /—V characteristics.

Table 2 summarizes the parameters of the p—i—n
structures with mixed charge transport mechanisms in
the “median” portion of the /—V characteristics
(Figs. 1, 2): of the “recombination” type in the initial
part, of the “diffusion” type at high voltages, and of a
gradual transition between these two.

The last column in the tables presents, separated by

a slash, the series ohmic resistances R, of SCs, found
by fitting to the experimental /—V characteristics
(Fig. 1), and those used to calculate the dependences
of the efficiency n on the generation current J,. In the
numerator, the initial part of the “superinjection”
region is simply simulated with an equivalent ohmic
resistance, and in the denominator, with an exponen-
tial with A > 2. Figure 3 shows the “light” /—V charac-
teristics of the studied SC samples. The efficiencies at
the optimal-load point, found by the standard method
SEMICONDUCTORS Vol. 46
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Fig. 3. Experimental light characteristics of a-Si:H SCs
(curves /, 2) and a pc-Si:H + a-Si:H tandem SC (curve 3),
measured at room temperature and AM 1.5 solar radiation.
The large-diameter circles in the load curve are points cor-
responding to the optimal load, i.e., to the maximum effi-
ciency, further used in Figs. 4, 5, and 6.

and used in a comparison with the calculated values,
are presented in Figs. 4, 5, and 6. It can be seen in
these figures that the experimental values of the effi-
ciency (point 5) lie below the calculated potential effi-
ciencies (curves 3 and 4). As already noted, this is an
expected result because the calculation disregards the
loss by light reflection and some other aspects of the
post-growth technology.

4. EVALUATION OF THE PHOTOCONVERSION
PARAMETERS FROM THE DARK
I-V CHARACTERISTICS

As shown in reports devoted to I1I—V-compound-
based SCs, the dark /—V characteristics can be rather
informative for evaluating and prognosticating the
parameters of photovoltaic converters of this kind
[3, 4]. We introduce into consideration for subsequent
analysis a common functional dependence of the for-
ward dark /—V characteristics, which includes all the
experimentally observed portions of the /—V charac-
teristics, identified as segments of a common curve.
The complete /—V characteristic was obtained by
summation of the components corresponding to dif-
ferent portions of the /—V characteristic:

J= JOt( eXp( V(p/Atg) - 1) + JOr( exp( V(p/ArS) - 1)
+ o (exp(Vy/Ae) = 1).
where € = kT/q.
The dark zero-resistance J—V,, characteristic (1)
can be approximated by three segments, for each of

which the dependence of the voltage in the SCR on
the dark current has the form [3]:

V, = Agin(J/Jy + 1). )

(1)
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Fig. 4. Experimental and calculated characteristics of an
a-Si:H SC (sample no. 2916): forward dark /—V character-
istic (J—V): (1) experiment and (2) calculation; generation
current (.Ig)—efﬁciency (n) of the SC: (3, 4) calculation

(Rg=0,R,=5Q cm2), (5) experiment, AM1.5. Portions
of the characteristics: 4> 2, Jy(45 2y =4.1 x 1077 Acm™2;
A=2Jyyon=115x 1070 Aem ™% 4> 2, Jyy52) =
8.6 x 107 ® Acm™2.

Such a “segment approximation” makes it possible
to smooth the calculated functional /—V characteristic
by mathematical averaging of the values of the /—V
characteristics in the joining areas of various segments.
As demonstrated by the experience of working with
such a calculated curve, it is extremely useful in ana-
lytical data processing and becomes simply necessary
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Fig. 5. Experimental and calculated characteristics of an
a-Si:H SC (sample no. 247): forward dark /—V character-
istic (J—V): (1) experiment and (2) calculation; generation
current (Jg)—efficiency (n) of the SC: (3, 4) calculation

(Rg=0,R;=3.5Q cmz), (5) experiment, AM1.5. Portions
of the characteristics: 4> 2, Jy(4 5 2y =3.0 x 1075 Acm™2;
A=2,Jo4— 9 =12x107 Aem 5 A=1,Jp 4 1y =7.6 x
107 Aem™ 4> 2, Jyg5 2 =45 x 107 Acm ™
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Fig. 6. Experimental and calculated characteristics of a
pe-Si:H + a-Si:H tandem SC (sample no. 250): forward
dark /—V characteristic (/—V): () experiment and (2) cal-
culation; generation current (Jg)—efﬁciency (n) of the tan-
dem SC: (3, 4) calculation (R;, = 0, Ry =1 Q cmz),
(5) experiment, AM1.5. Portions of the characteristics: 4> 4,
JO(A>4) = 1.0 x 1074 A Cmiz; A= 4, J()(A=4) =1.4x

108 Aem ™% A> 4, Jy(g54y=32x 107 Acm™2.

when one deals with multijunction structures (tan-
dem, triplet, etc.). In the general case, in the region of
joining of the /—V characteristic’s segments, the “volt-
age” and “current” boundaries between neighboring
segments are given by

A, A,
Vn(n+ H = 1—4———-—;(‘-1—11-2—811'1(.]0”/]0("4_ l))
n~ An+l)
/A )
J On

n(n+1) = A —A,, 5
PR

where n and (n + 1) are the indices of neighboring seg-
ments.

The “light” (load) I—V characteristic (for simplic-
ity, we restrict our consideration to a single segment) is
obtained from the corresponding segment of the dark
[V characteristic and has the form J = J, —

Ve = Asln((']g.]—_j))

0
. V.
J= Jg—Joexp(fe),

where € = kT/q.

For an open circuit mode, j =0 and V= V.. Then,
from (4) follows the equation

v
1= (%), s
g 0€Xp As ( )

ANDREEYV et al.

which has the same pre-exponential factor as the cor-
responding segment of the dark /—V characteristic and
coincides in its form with the expression for the dark
I—V characteristic. The same is true for the continuous
function of adjoining segments.

Further, to evaluate the photoconversion parame-
ters, it is necessary to find a correlation between the
efficiency of a solar cell and the generation current.
A full set of equations describing this correlation was
given in [4], and in a more concise form, in [3]. There-
fore, it seems inappropriate to present these cumber-
some expressions here. We only report the physical
meaning of this analysis. The derivative of the power
(JV,) from Egs. (4) at the optimal-load point is zero.
Solution of the transcendental equation yields the
expression:

Ve =V + Eln(l + E”)
E

(1+Z")ex (Z") = ex (E—"C)
) P\E) T )

where E = Ae. Using the rearrangements made in
[3, 4], we find the maximum power generated by a cell
at the optimal-load point:

P, = JVo/(V, + E). (7)
Then the efficiency is given by
A V,
=JV /P = —s&__m - _1 8
T] m m/ mc Pinc Vm + E I/Conv ( )

Since the ratio of the incident power P,,. to the
generation current at a fixed solar radiation spectrum,

P, .. S .
J;"c = V.. is independent of the light intensity, the

g
full dependence of the efficiency n on the generation
current J, is also proportional to the concentration
ratio of solar radiation and can be expressed in terms
of the parameter V,,, defined as the “effective” voltage

[3, 4], by

Va
=V @

Using this formula (9), we can express J, in terms of
V,, and obtain a full expression for the J,(ocC)—V, (oc1)
dependence for the entire set of segments in the /—V
characteristic of a photovoltaic converter. The effect of
the series resistance of the entire structure, R, (contact
resistance and the resistance of the tunnel junction), is
accounted for by the introduction of a correcting
equation, V,, =V, + R,. The calculations are made by
a special program using the expressions presented in
this communication and data obtained by fitting to the
experimental dark /—V characteristics of the SCs.
2012
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The results of these calculations for a-Si:H sample
nos. 247 and 2916 and the pc-Si:H + a-Si:H tandem
(sample no. 250) are presented in Figs. 4, 5, and 6,
which combine the following characteristics: dark
J—V and generation current—efficiency (J/,—m). It can
be seen from the figures that curves 3 and 4 of the
J,—n characteristics are constituted by the same por-
tion segments as those for the dark J—V characteristics
(curves 1, 2). It can be seen that, in the working range
of the generation current densities, the role of a factor
limiting the potential efficiency of the SC samples
under study (curves 3) is played by the “recombina-
tion” charge transport mechanism (4 = 2 for a-Si:H
SC and A = 4 for the tandem SC). This circumstance
accounts for the somewhat higher experimental and
calculated efficiency values obtained for sample
no. 2916, compared with sample no. 247, because it
has a pre-exponential factor J, that is an order of mag-
nitude smaller and, naturally, a higher open-circuit
voltage. For the SCs under study, as the current density J,
or incident light intensity is increased, the efficiency n
becomes highly affected by the series resistance R, of a
solar cell (see Figs. 4, 5, and 6; curves 4) and by the
“superinjection” region. However, finding a correla-
tion between the nature of the exponential function in
the “superinjection” region and the SC parameters
requires a special study.

Thus, our calculation procedure based on parame-
ters obtained by analysis of the experimental dark /—V
characteristics demonstrates the ultimate potential of
the growth technique and indicates that opportunities
for improving the efficiency of SCs based on amor-
phous materials are far from being exhausted.

5. CONCLUSIONS

The fundamental role of dark /—V characteristics
in estimation of the photovoltaic conversion efficiency
of a-Si:H SCs was demonstrated for the first time for
p—i—n structures based on amorphous hydrogenated
silicon. Analysis of the dark [—V characteristics
enables the effective control over, and improvement
of, the technological process for fabrication of a-Si:H
p—i—n structures. This is particularly important for
multijunction solar cells (tandems, triplets), for which
the quality of photoactive p—i—n junctions, the bal-
ance of currents and resistances of separate elements,
and other parameters dependent on post-growth tech-
nologies constitute an intricate physical pattern,
which is difficult to explain and optimize without an
understanding of the dominant charge-transport
mechanisms in the SCR of the amorphous p—i—n
structures, gained by analysis of the dark /—V charac-
teristics.

The dark /—V characteristics of a rather broad
group of a-Si:H solar cells fabricated at different times
with certain differences in the growth parameters were
measured. Nevertheless, the solar cells show a similar-
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ity in the shapes of their dark /—V curves and the char-
acteristic portion segments of these curves, and
make it possible to distinguish common fundamental
aspects of the charge-transport mechanisms.

Of fundamental importance is the presence in all
cases of common portions in the dark /—V character-
istics: “tunnel-trap” and “emission-tunnel” segments
with a diode quality factor A > 2; a “recombination”
segment with 4 = 2; and that of the “diffusion” type
with 4 = 1. Elements with these mechanisms of charge
transport in the p—n junction have an efficiency of
about, or somewhat higher than, 5%. This result is
characteristic of cells with the simplest structure,
which have no built-in antireflection or light-scatter-
ing layers.

Data for the tandem cell, reported in this commu-
nication, are rough tentative estimates, but develop-
ment of a well-elaborated technique for fabrication of
tandems and triplets based on pc-Si:H + a-Si:H p—i—n
structures is a promising way to improve the effi-
ciency of photovoltaic converters based on amor-
phous materials.

The conversion of unconcentrated solar radiation
(AM1.5) by the a-Si:H-based solar cells under study is
governed by the “recombination” mechanism of
charge transport in the SCR of the p—i—n junctions.
The method for analysis of the experimental dark /—V
characteristics, previously suggested and tested for
multijunction solar cells based on crystalline I1I-V
compounds, is also applicable to p—i—n structures
based on amorphous hydrogenated silicon and can be
considered universal.

Despite the comparatively low efficiency, amor-
phous silicon seems to be, owing to its specific proper-
ties (ecological safety; low weight of thin films and,
accordingly, low consumption of the material; and the
possibility for being used on flexible substrates)
extremely promising for various fields of photoelectric
power engineering. This material is irreplaceable in
certain areas of application, and, therefore, its inten-
sive studies are to be continued.
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