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1. INTRODUCTION

Starting with the introduction of Soviet spacecraft
with solar batteries based on homojunction gallium
arsenide solar cells (SCs) and, later, from the design of
the AlGaAs/GaAs heterostructures [1, 2], III–V based
SCs have been successfully used for power supply of
artificial satellites, gradually forcing out other types of
photovoltaic converters from this sector, first of all,
due to the radiation stability of this class of semicon�
ductor devices.

As a result of the development of OMVPE technol�
ogy (Organo�Metallic Vapor Phase Epitaxy), mono�
lithic multijunction solar cells (MJ SCs) were fabri�
cated. In these cells, a conventional Ge semiconduc�
tor is used as a substrate and simultaneously as a
narrow�gap subcell for a wide�gap GaInP/GaAs dou�
ble�junction SC [3–6].

Despite the development of mechanically stacked
MJ SCs [7] and existing tendencies of an increase in
the number of the p–n junctions [8], the mono�
lithic three�junction solar cells based in the
GaInP/GaInAs/Ge structure are currently the most
competitive and effective solution for power supply of
spacecraft [9] and are acquiring an increasingly large
application in terrestrial photovoltaic power installa�
tions.

Thus, we can state that there is a rebirth of interest
in the study of the Ge p–n junction, first of all, in con�
nection with its use in a narrow�gap MJ SC subcell.

Germanium is a suitable substrate material for the
OMVPE of the III–V semiconductor crystals. It pos�
sesses chemical compatibility with the Al–Ga–In–P
and Ga–In–As compounds and ensures the absence
of phase transitions with growing components. Ger�
manium has close values of the thermal expansion
coefficient and lattice constant to those in GaAs.

From the point of view of operation in space, an
increased mechanical strength of Ge is essential. This
provides a decrease in the thickness of the structures
and weight of the SCs, and an increase in the specific
(per unit weight) power output of the highly efficient
solar cells.

In addition, the Ge p–n junction involved into the
process of the photoconversion in the MJ SC allows
one to extend its photosensitivity to a wavelength of
1800 nm (the Ge band gap is 0.66 eV at room temper�
ature).

Previously, the Ge p–n junctions were actively
studied in order to fabricate rectifiers, transistors,
photodiodes, etc. It was established that the mecha�
nism of flowing of the forward current is diffusion
(nonideality factor A = 1), which is caused by the
recombination of electrons and holes thermally
injected into the quasi�neutral p� and n�regions of the
p–n junction (the Shockley diffusion component
[10, 11]). The diffusion saturation current was
~10–6 A/cm2 at room temperature [12]. The recombi�
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nation component caused by the recombination of
electrons and holes thermally injected into the space
charge region of the p–n junction was absent. How�
ever, an excess (in Esaki terminology [13]) component
was observed. With the reverse bias, this component
gave saturation current density in the range 10–4–
10–3 A/cm2 (see § 12.2 in [14], [12]). In this case, the
proper mechanism of the excess current in the non�
degenerate Ge p–n junctions was neither studied nor
discussed.

However, we showed that the role of the excess
component can be essential for the SC under the con�
ditions of converting the low�intensity (the concentra�
tion ratio of the solar radiation X < 1), nonconcen�
trated (X ≈ 1), and slightly concentrated (X < 30) solar
radiation. Slightly concentrated solar radiation is real�
ized in photovoltaic modules with the linear lens con�
centrators [15].

The goal of this study was to investigate the
n�GaInP/n–p�Ge photovoltaic heterostructure, which
is intended for use as the “bottom subcell” of the
three�junction GaInP/GaInAs/Ge SC. This hetero�
structure consists of a Ge p–n junction and an
n�GaInP wide�gap window also functioning as the
phosphorus source for the diffusion doping of the
p�Ge substrate with donors during formation of the
p–n junction.

We fabricated test Ge�based photovoltaic convert�
ers (PVCs) and studied the spectral dependences of
their internal quantum yield (Qint), “dark” and load
(under illumination) current–voltage (I–V) charac�
teristics. It is shown that dark I–V characteristics
should be approximated by the two�exponential
model taking into account both the diffusion and
excess components of the current. It is established that
the excess component has the same temperature
dependences as the excess tunneling components in
the p–n heterojunctions [16] and Schottky barriers
[17]. We used the two�exponential model to approxi�
mate the photovoltaic dependences of the open�cir�
cuit voltage (Voc) and efficiency (η) on photogenerated
current Jg proportional to the intensity of illumination.
The influence of the excess current on the conversion
efficiency of solar radiation by the Ge�based photo�
converter and, correspondingly, by the MJ SC, is
established.

Thus, it is shown that the tunneling mechanism of
the current should be taken into account in the photo�
voltaic Ge p–n junctions along with the diffusion
mechanism. The influence of the former on the device
efficiency is especially essential in the conversion
mode of slightly concentrated, nonconcentrated, and
low�intensity solar radiation. The necessity to use the
two�diode electrical equivalent circuit for the descrip�
tion of the Ge p–n junction is shown.

2. OBJECTS OF THE STUDY

To fabricate the n�GaInP/n–p�Ge structures, we
used MOC–hydride epitaxy. The structures were
grown in a laboratory installation with a horizontal
reactor under a reduced pressure of 100 mbar. The
crystal growth was carried out on p�Ge:Ga(100) sub�
strates 50 mm in diameter misoriented by 6° in the
[111] direction.

As the sources of elements of Group III, we used
the metal–organic compounds trimethylgallium
(TMGa) and trimethylindium (TMIn). Arsine (AsH3)
and phosphine (PH3) were used as the sources of
Group V elements. The source of the doping impurity
to obtain the n�type conduction was monosilane
(SiH4).

The p–n junction in the Ge substrate was formed
due to the diffusion of P atoms from the growing
GaInP nucleation layer also playing the role of a wide�
gap window for the Ge p–n junction. The thus�grown
heterostructure completely reproduces the narrow�
gap Ge subcell in MJ SC. The n++�GaAs contact layer
was grown for subsequent fabrication of the test
Ge�based PVCs.

The contact structure of the Ge�based PVC was
formed by photolithography. The configuration of the
contact structure was developed for SCs intended for
use in photovoltaic modules with linear lens concen�
trators [15]. The front surface of the PVC was covered
with a ZnS/MgF2 bilayer antireflection coating.

Under the different conditions of the growth of the
GaInP nucleation layer, two groups of structures were
grown. Structures of group 1 had the same thickness of
the GaInP wide�gap window but various times of
exposure to the PH3 flow (various times of the gas dif�
fusion of P atoms). Structures of group 2 had the same
gas diffusion but various thicknesses of the GaInP lay�
ers (various times of the solid�phase diffusion of P).
The thickness of the wide�gap window varied in the
range of 35–300 nm. The time of the gas diffusion
(annealing) at a high partial pressure of PH3 was 5–
40 min. The conditions of formation and parameters
of the heterostructures are listed in the table.

3. THE ANALYSIS 
OF THE EXPERIMENTAL RESULTS

3.1. Spectral Characteristics of the Photoresponse 
of the Ge�based PVCs

We measured the spectral dependences of the
external quantum yield of the photoresponse (Qext)
and reflectance (r) for the Ge�based test PVCs with the
structures grown under various conditions of the gas
and solid�phase diffusion. The comparison of the het�
erostructures (Fig. 1) was performed by the internal
quantum yield Qint = Qext(1 – r) in order to eliminate
the influence of the difference in reflectances.

The values of the internal quantum yield for het�
erostructures with various times of the gas diffusion



1522

SEMICONDUCTORS  Vol. 44  No. 11  2010

KALYUZHNYY et al.

(2, 3, 4) but with the same thickness of the wide�gap
window almost coincide over the entire spectral range.
For structures with various thicknesses of the wide�gap
window (1, 2, 5), the value of Qint is substantially dif�
ferent only in the absorption region of GaInP, i.e., the
variation in the photogenerated current (see table) is
mainly determined by the absorption of the short�
wavelength photons in the wide�gap window; it is
almost independent of the conditions of formation of
the p–n junction. We note that the short�wavelength
spectral region is unimportant when one uses of the
heterostructure as a subcell in the MJ SC since this
region is used by the upper wide�gap subcells.

Thus, the internal quantum yield is almost inde�
pendent of both the preepitaxial conditions of anneal�
ing of the Ge substrate in PH3 and the time of the epi�
taxial growth of the wide�gap material. Consequently,
the excess P concentration in Ge is formed from the

near�surface GaInP nucleation layer rather than from
the gas phase and does not increase with the subse�
quent growth of the wide�gap window. The location of
the p–n junction is determined by the spread of the
concentration profile during the further growth of the
structure. For the studied samples with various thick�
nesses of the GaInP layer this difference in time is
inessential; therefore, the parameters of the p–n junc�
tions (the junction depth and the diffusion length of
the carriers) are similar.

The depth of the diffusion p–n junction in Ge was
determined using the secondary�ion mass spectrome�
try (SIMS). The doping profile was peaked (up to
~1020 cm–3) near the Ge/GaInP heterointerface,
while the depth of the p–n junction for all the studied
PVCs was ~140 nm.

It was shown [18, 19] that the preepitaxial condi�
tions (for example, annealing in PH3) determine the
reconstruction of the surface of the Ge substrate and,
consequently, the growth quality of the entire crystal�
line structure grown on the Ge substrate. Analysis of
the behavior of the spectral characteristics of the pho�
toresponse allows us to draw the following conclusions
concerning the formation of the Ge p–n junctions
during the MOC hydride epitaxy. First, due to the fact
that the photovoltaic properties of the Ge p–n junc�
tion are independent of the conditions of annealing in
PH3, it is possible to vary the latter in a wide range,
based only on the requirements of ensuring a favorable
reconstruction of the Ge surface. Second, since the
thickness of the wide�gap window also does not affect
the internal quantum yield of the photoresponse of the
heterostructures, it is possible to vary it depending on
the requirements to the device parameters.

3.2. The Dark Current–Voltage Characteristics
of the Ge p–n Junctions

It is known that the main photovoltaic characteris�
tics of the p–n junction (for example, dependences of
Voc and efficiency on photogenerated current Jg) are
determined from the dark I–V characteristic; there�
fore, they are specified by the same parameters.

Conditions of formation of the n�GaInP/n–p�Ge photovoltaic heterostructures in MOC–hydride epitaxy and parameters
of the Ge�based PVCs at 300 K

PVC 
no.

Annealing
time in PH3,

min

Thickness
of the GaInP
window, nm

Jg, mA/cm2

(AM0, X = 1, 
Qext)

Jg, mA/cm2

(AM0, X = 1, 
Qint)

J0d, 10–6 A/cm2

(Ed = 0.025)
J0t, 10–3 A/cm2

(Et = 0.17)
Rs,

Ω cm2

1 – 35 52.07 57.68 5.2 1.4 0.014

2 – 100 51.06 56.77 2.9 1.1 0.013

3 10 100 50.57 55.29 2.4 3.3 0.013

4 40 100 49.83 55.42 4.4 0.5 0.010

5 – 300 50.00 53.25 6.8 1.0 0.014
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Fig. 1. Spectral dependences of the internal quantum yield
of the photoresponse (Qint) for the heterostructures
obtained under various conditions of formation. Number�
ing of the curves corresponds to numbering of the samples
in the table. The dashed vertical line separates the long�
wavelength spectral region essential for the photovoltaic
conversion of the Ge subcell in the composition of the
MJ SC.



SEMICONDUCTORS  Vol. 44  No. 11  2010

GERMANIUM SUBCELLS 1523

Figure 2 represents the dark forward and reverse
I–V characteristics of the Ge�based PVC 4 (see table)
measured in the temperature range of 77–300 K.

The approximation of the forward portion of the
I–V characteristic by sum of exponential components
(1a) showed that the forward current in the region of
working temperatures (200–330 K) consists of the
classical diffusion component and the excess compo�
nent. It will be further shown that this component has
a tunneling character:

(1a)

where J is the current density in the external circuit;
V is the voltage; Rs is the series resistance of the device;
J0d is the saturation current (the preexponential factor)
of the diffusion component; J0t is the preexponential
factor (saturation current) of the excess (tunneling)
component; Et is the characteristic potential of the
tunneling component; and Ed is the characteristic
(thermal) potential of the diffusion component, which
can be expressed in terms of the nonideality factor
Ad = 1 as

(1b)

Here, q is the elementary charge, k is the Boltzmann
constant, and T is the absolute temperature.

Thus, the conventional in practice one�diode cir�
cuit (§ 3.9 in [20]) should be replaced by the two�diode
circuit for the Ge p–n junction.

At 300 K, the saturation current density J0d ≈
10–6 A/cm2, which agrees well with the Shockley data
[12] for the Ge p–n junctions and corresponds to the
diffusion mechanism of the current. The value of the
reverse current extrapolated to the voltage zero (Fig. 2)
coincides with the preexponential factor of the excess
forward current J0t; it is close to the reverse currents
observed previously by the order of magnitude
(~10–4 A/cm2) (see [12], § 12.2 in [14]).

The values of preexponentials (J0d, J0t) and charac�
teristic potentials (Ed, Et) for all the studied samples at
300 K are tabulated.

In the low�temperature region (T < 120°C), the
shape of the I–V characteristic (Fig. 2, curve 3) is
apparently affected by the series (possibly nonlinear)
resistance, which sharply (by an order of magnitude)
increases as the temperature is decreased. In addition,
the I–V characteristic at 100 K is approximated by the
sum of only two excess components since the diffusion
component, which decreases at a low temperature,
does not manifest itself.

It is seen from the table that the presence of both
the diffusion and excess current is the common prop�
erty of all the studied p–n junctions and the character�

J J0d
V JRs–

Ed

��������������⎝ ⎠
⎛ ⎞exp 1–=

+ J0t
V JRs–

Et

��������������⎝ ⎠
⎛ ⎞exp 1– ,

Ed
kT
q

�����Ad
kT
q

�����.= =

istic parameters (J0i, Ei, where i = d, t) for both mech�
anisms of the current in different samples have values
close to each other. This allows us to state that the
presence of the diffusion and excess current is the typ�
ical situation for the Ge p–n junctions.

Figure 3 represents the temperature dependences
of parameters J0i and Ei obtained by approximation of
the I–V characteristic by formula (1a) (see table, sam�
ple 4). To theoretically substantiate the nature of two
mechanisms of the current in the Ge p–n junctions,
the experimental temperature dependences of J0d and
J0t are compared with calculated ones.

The relation for the diffusion saturation current J0d
can be written in a form with the temperature depen�
dence of the band gap taken into account:

(2)

where Nc and N
v
 are the effective densities of states in

the conduction band and in the valence band; DnP,
DpN, and LnP and LpN are the diffusivities and diffu�
sion lengths for the minority carriers in the P� and
N�regions, respectively; nN and pP are the concentra�
tions of the majority carriers in N�emitter and P�base;
and Eg is the band gap.

J0d qNcN
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Fig. 2. Forward and reverse dark current–voltage charac�
teristics of the Ge p–n junction at various temperatures:
(1) 300 K (J0d = 4.4 × 10–6 A/cm2, J0t = 5 × 10–4 A/cm2),

(2) 200 K (J0d = 1.4 × 10–12 A/cm2, J0t = 2 × 10–4 A/cm2),

and (3) 100 K (J0d = 1.6 × 10–34 A/cm2, J0t = 9 ×

10–5 A/cm2, J0t = 2.1 × 10–19 A/cm2). The points corre�
spond to the experimental data; the thick solid lines corre�
spond to the calculation by the two�exponential model;
the thin solid lines correspond to the diffusion (Ad = 1)
component of the forward current; the dashed lines corre�
spond to tunneling components of the forward current,
namely, the main (Et = 0.17 V) and additional (Et = 0.015 V);
and the dotted lines correspond to the extrapolation of the
reverse current to the zero voltage.
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The temperature dependence of Eg of Ge in a tem�
perature range of 150–300 K is described by the well�
known empirical formula (see § 10.1 in [14], § 2.17
in [20]):

(3)

where the empirical constants Eg0 = 0.785 eV and β ≈
4.0 × 10–4 eV/K.

In this case, formula (2) can be written as

(4)

where activation energy Ea = Eg0, while  is a func�
tion of temperature that is weak compared with the
exponential one. The approximation of the experi�
mental data for J0d by formula (4) at the mentioned
value of Ea (Fig. 3a, thick solid line) allows us to obtain

the experimental value  ≈ 1 × 108 A/cm2 by the
extrapolation to T → ∞.

The calculated value of  at T → ∞ in the expo�
nent of formula (4) is described by the expression

Eg Eg0 βT,–=

J0d J0
∞e

Ea/kT–
,=

J0
∞

J0
∞

J0
∞

(5)

In this case, the estimate of the diffusivities is taken
from the tabulated data for mobilities of electrons and
holes in Ge [20, 21]; these quantities are DnP ≤ 100 and
DpN ≤ 50 cm2/s. The diffusion lengths were established
previously in [22] when analyzing the spectral charac�
teristics of the Ge�based PVC and were LnP = 50 and
LpN = 0.35 μm. The values of Nc and N

v
 for Ge, which

are also temperature�dependent, are calculated using
the expressions (see §10.1 in [14])

(6)

at temperatures for which empirical relation (3) is ful�
filled.

As a result, the calculated value of quantity  var�

ied from ~8.7 × 107 A/cm2 at T = 300 K to 1.4 ×
108 A/cm2 at T = 350 K, which agrees well with its
experimental value.

Thus, the experimental values of the saturation
current obtained at various temperatures (77–330 K)
correspond to the diffusion mechanism of the current
across the Ge p–n junction.

The use of the more exact (linear–quadratic) tem�
perature dependence of Eg by the Varshni formula
yields the same result [23]:

(7)

The calculated dependence obtained by formula (2)
with (7) taken into account approximates well the
experimental values of preexponential factor J0d over
the entire temperature range under study (Fig. 3a, the
thin solid line).

Characteristic potential Ed (Fig. 3b) is directly pro�
portional to the temperature with nonideality factor
Ad = 1 in (1b), which also confirms the diffusion
nature of this component of the current.

Characteristic potential Et for the component of
the excess current is almost independent of tempera�
ture over the entire temperature range under study
(Fig. 3b). In addition, preexponential factor J0t is
weakly temperature�dependent compared with the
diffusion saturation current (Figs. 3a, 3b). These facts
allow us to assume that the excess mechanism of the
current has a tunneling nature. However, it is notewor�
thy that the tunneling�mechanism model is developed
in insufficient detail compared with the diffusion
model. This is, first of all, associated with the fact that
the nature of the tunneling mechanism is rather com�
plicated and involves the entire complex of transport
phenomena of the charge carriers. Despite this fact,
we evaluated temperature coefficient J0t on the basis of
the assumption of the tunneling nature of the excess
component of the current.

J0
∞ qNcN

v

DpN

nNLpN

������������
DnP

pPLnP

�����������+⎝ ⎠
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Fig. 3. Temperature dependences of the diode parameters
in the (a) direct and (b) inverse temperature scales. (1) J0d,
(2) J0t, (1 ') Ed, and (2') Et. The points correspond to the
experimental data, the dotted lines correspond to the
approximation of the experimental dependences, and the
solid lines correspond to the theoretical calculation. For
curve 1, the thick solid line corresponds to the calculation
using formula (3) and the thin solid line corresponds to the
calculation using formula (7).
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According to the tunneling mechanism models
[16, 24], the temperature dependence of preexponen�
tial factor J0t should be determined by the temperature
dependence of Eg; therefore, it should be slightly
ascending with an increase in temperature. The analy�
sis of the experimental data showed an insignificant
increase in J0t upon increasing the temperature, which
is described by the linear dependence (see Fig. 3).

If we assume that only the carriers located at the
edges of the allowed bands participate in tunneling
across the p–n junction, i.e., disregard the thermal
addition of the carriers in the bands, the tunneling
current is written as [16]:

(8)

where Vc is the contact potential difference between
the quasi�neutral p� and n�regions. For a nondegener�
ate semiconductor, the value of qVc is determined as
the algebraic sum of the band gap of the semiconduc�
tor and chemical potentials for holes and electrons in
the quasi�neutral regions:

(9)

Substituting (9) into (8) and taking into account (3)
and (6), we obtain the relation for the temperature
coefficient:

(10)

Temperature coefficient b calculated with for�
mula (10) is 3 × 10–3 K–1 and coincides in order of
magnitude with the value of 9.2 × 10–3 K–1 determined
experimentally (Fig. 3b). The threefold excess of the
calculated value over the experimental one is
explained by the fact that formula (8) does not take
into account the thermal–tunneling character of the
current, which was previously analyzed only for the
Schottky barriers [17].

The value of temperature coefficient b for preexpo�
nential factor J0t, as well as the fact that the character�
istic potential Et is temperature�independent (Fig. 3b)
is indicative of the tunneling nature of the excess com�
ponent of the forward current.

Thus, the analysis of the dark I–V characteristics and
theoretical estimates obtained for the Ge p–n junctions
grown under various conditions allowed us to establish
the presence of both the diffusion and tunneling com�
ponents of the dark current, as well as to determine
their parameters.

3.3. The Photovoltaic Characteristics 
of the Ge�Based PVC

We analyzed the family of the “light” I–V charac�
teristics (Fig. 4) measured at various concentration
ratios of the solar radiation and approximated them

Jt J0te
V/Et J00te

V Vc–( )/Et,= =

qVc Eg kT
Nc

nN

�����⎝ ⎠
⎛ ⎞ln– kT

N
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�����⎝ ⎠
⎛ ⎞ .ln–=

b
Δ J0tln

ΔT
������������ 1

qEt

������ β k
NcN
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nNpP

����������⎝ ⎠
⎛ ⎞ln+ .= =

(the solid lines) using the suggested two�exponential
model (1a), (1b) with the parameters presented in the
table. In the range of concentration ratios of the solar
radiation (X < 30) under consideration, series resis�
tance Rs exerts no effect on the shape of the I–V char�
acteristics. All the load I–V characteristics are nor�
malized to the short�circuit current (Jsc), which in
practice equals the photogenerated current (Jsc ≈ Jg). The
mentioned approximate equality is true since neces�
sary condition Rs � Voc/Jsc is satisfied up to Jsc ≈
50 A/cm2.

For the load I–V characteristic, the typical voltages
convenient for description of its shape are usually used
(Fig. 4, inset): Voc, Vm, Vη. Here, Voc is the voltage cor�
responding to the break of the external circuit; Vm is
the voltage at the point (m) of the optimal load, in
which its product by current Jm yields the maximal
power (Pm) emitted on a load; and Vη is the “effi�
ciency” voltage, which is determined by the equality

(11)

Since the photogenerated current density is pro�
portional to the power density of incident radiation
Pinc, we can introduce auxiliary quantity Uconv, which
is identical for all the load I–V characteristics:

(12)

Pm VmJm VηJg.= =

Uconv
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Fig. 4. Load portions of the “light” I–V characteristics at
various concentration ratios of the solar radiation X =
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malized to the corresponding values of the short�circuit
current. The mutual arrangement of the voltages charac�
terizing the shape of the I–V characteristics, Vm, Voc, Vη,
as well as quantity Uconv are shown in the inset.
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Thus, the efficiency voltage is directly proportional
to the efficiency with coefficient Uconv:

(13)

Based on two�exponential model of the dark cur�
rent (1a), (1b), we approximated dependences of Voc,
Vm, and Vη on photogenerated current Jg (Fig. 5). They
consist of two components, namely, the diffusion and
tunneling components, which are described by the
same set of the diode parameters as the dark I–V char�
acteristic (see table). In other words, the approxima�
tion parameters (J0i, Ei) can be found from analysis of
the photovoltaic dependences only.

Dependence Voc(Jg) repeats the form of the nonre�
sistive dark I–V characteristic and can be approxi�
mated using relation (1a), where Rs → 0 (in this case,
J → Jg, V → Voc). Therefore, dependence Voc(Jg) is
most convenient for determining the parameters of the
diffusion mechanism of the current. The thus�
obtained values of preexponential factor J0d and char�
acteristic potential Ed of the diffusion component
completely coincided with the values obtained from
the analysis of the dark I–V characteristic at 300 K.

To determine the parameters of the tunneling cur�
rent, dependences Vm(Jg) and especially Vη(Jg) are
most convenient since at any value of the photogener�
ated current, the contribution of the tunnel compo�
nent to the “efficiency” voltage is largest compared
with other characteristic voltages (Fig. 5). Thus, the
preexponential factor of the tunneling current J0t was
refined using the numerical approximation of depen�

η
Pm

Pinc

������� 1
Uconv

���������Vη.= =

dences Vη(Jg) and Vm(Jg) by formulas obtained in [25]
but allowing for the two�exponential model:

(14a)

where

(14b)

(14c)

and

(15a)

where

(15b)

The shape of dependences Vη(Jg) and Vm(Jg) is
affected by series resistance Rs. It decreases the char�
acteristic voltages as the photogenerated current
increases and leads to the emergence of a maximum.
The calculated values of Rs are presented in the table.

It is evident that an increase in the tunneling cur�
rent noticeably decreases the values of Voc, Vm, and
especially Vη at X ≤ 1, and continues to affect the con�
version efficiency of the solar radiation right up to X ≈ 30.
The elimination of the tunneling component of the
current provides an increase in efficiency of the Ge�
based PVC by up to 1% with the conversion of the
nonconcentrated solar radiation with the AM0 spec�
trum (Fig. 5).

3.4. The Ge Subcell of the Multijunction Solar Cell

The Ge�based test PVCs considered above have the
heterostructure similar to the narrow�gap MJ SC sub�
cell. This fact allows us to evaluate the contribution of
the Ge subcell to the photovoltaic characteristics of
the MJ SC.

In this case, we should take into account the fol�
lowing features. The studied Ge�based PVCs have (see
table) large values of the photogenerated current den�
sity (Jg = Jsc = 49.8–52.1 mA/cm2, X = 1, AM0). In
the MJ SC, which is the series connection of subcells,
the resulting short�circuit current is limited by the
minimal of the currents generated by each p–n junc�
tion, while the resulting voltage is the sum of subcell
voltages. For the GaInP/Ga(In)As wide�gap tandem,
the photogenerated current is highest when the mag�
nitudes of Jsc of the upper (GaInP) and medium
(GaInAs) subcells are matched (equal) at a maximally
possible level [26]. Thus, the contribution of the Ge
subcell to the efficiency of the MJ SC is limited by the
resulting current of the upper wide�gap tandem; it is

Jg J0i 1 ξi Vη JgRs+( )+[ ]
i d t,=

∑=
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determined by the magnitudes of Voc and filling factor
of the I–V characteristic (FF).

Nevertheless, an excess of the photogenerated cur�
rent of the Ge subcell over Jsc of the wide�gap tandem
is important, since the influence of the value of FF in
the Ge subcell on the shape of the I–V characteristic
of the MJ SC is minimal in this case.

In the MJ SC, the photogenerated current of the
Ge subcell is lower than Jsc (see table) for the single
Ge�based PVCs. Indeed, the GaInP/GaInAs wide�
gap tandem serves as the optical filter for the Ge sub�
cell and limits the range of its spectral photoresponse
in the short�wavelength region because of the absorp�
tion of the radiation with wavelengths <890 nm in
the GaInAs layers as shown by a vertical dotted line
in Fig. 1.

Allowing for the mentioned features, we suggested
the procedure for evaluating the contribution of the
Ge subcell to the efficiency of the MJ SC. The MJ SCs
were fabricated based on the GaInP/GaInAs/Ge
monolithic three�junction structure grown by the
OMVPE and had the design of contacts similar to the
Ge�based test PVCs. The efficiency of the MJ SC was
26% with conversion of direct (X = 1) solar radiation
and 28.2% with conversion of concentrated (X = 20)
solar radiation (AM0).

The photogenerated current calculated for the
GaInP/GaInAs optical filter was additionally cor�
rected allowing for the difference in the properties of
the antireflection coating of the Ge�based PVC and
MJ SC. The value of Jsc obtained from the calculation
was ~30 A/cm2, which noticeably exceeds Jsc for the
wide�gap tandem.

Figure 6 shows the calculated load I–V character�
istic of the Ge subcell (curve 1) and measured I–V
characteristic of the MJ SC (curve 2) at X = 20. Sub�
traction of the voltages in curve 1 from voltages in
curve 2 (Fig. 6) at fixed values of the current allows us
to form the load characteristic of the GaInP/GaInAs
wide�gap tandem (Fig. 6, curve 3) and calculate
both its contribution and the contribution of the Ge
subcell to the MJ SC efficiency. The efficiency of
the Ge subcell in the composition of the
GaInP/GaInAs/Ge three�junction SC was ~2.3%
(AM0, X = 1). The contribution of the Ge subcell to
the MJ SC efficiency increases as the multiplicity of
the concentrating the solar radiation increases attain�
ing ~3.4% at X = 20.

4. CONCLUSIONS

The n�GaInP/n–p�Ge photovoltaic heterostruc�
tures intended for the use as the narrow�gap subcells of
the GaInP/GaInAs/Ge three�junction solar cells for
spacecraft are studied. It is shown that the maximal
contribution of the Ge subcell to the conversion effi�
ciency of the solar radiation by MJ SC (with η =
28.2%, X = 20, AM0) can be as high as ~3.4%.

It is for the first time shown (from the temperature
dependences of the dark I–V characteristics in the
range 77–330 K) that the excess current (along with
the diffusion current) in the Ge photovoltaic p–n
junctions has a tunneling character. As a result, to
approximate the current–voltage (“dark” and “light”)
characteristics and photovoltaic dependences (Voc, Vm,
and Vη(∝η) on Jg (∝X)), it is necessary to use the two�
exponential model taking into account both the diffu�
sion and tunneling mechanisms of the current and the
corresponding two�diode equivalent electrical circuit.
The diode parameters are determined for both mech�
anisms of the current (J0d, Ed, J0t, Et). It is shown that
it is possible to determine all the diode parameters
from both dark I–V characteristics and from the pho�
tovoltaic dependences only.

The influence of the tunneling current on the effi�
ciency of the Ge subcell is evaluated. It is especially
essential for low�intensity and nonconcentrated (X ≤ 1)
solar radiation, because of which a decrease in the
efficiency of the Ge subcell with conversion of
direct (X = 1) space solar radiation is ~1%. The influ�
ence of the tunneling current in practice terminates
upon increasing the concentration multiplicity up to
X ≈ 30 (Jg ≈ 1.5 A/cm2).
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