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Effect of temperature on current through various recombination channels
in GaAs solar cells with GalnAs quantum dots
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The influence of reducing carrier of thermal escape rate with temperature decreasing in various channels on the
dark saturation current of a GaAs p—n junction with Gagslng,As quantum dots has been investigated. The dark
saturation current has been calculated for temperatures ranging from 20 to 325 K. The calculation was based on the
previously discovered current invariant, which determines the dependence of the saturation current on temperature
and bandgap energy. The rates of recombination in various channels and their bandgaps were determined by
photoluminescence spectra analysis. For various channels, characteristic temperatures were determined, below
which thermal escape rate of carriers is practically absent. The saturation current calculation showed that, despite
the change in the rate of recombination in different channels, it is determined only by the recombination in the

channel with lower bandgap energy.
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1. Introduction

One of the directions for increasing the efficiency (ef-
ficiency) of modern GalnP/GaAs/Ge multitransition (MT)
solar cells (SC) is the use of quantum-sized objects
(quantum wells, quantum dots, etc.) in subelements inside
their p—n transition) [1-16], i.e. objects with the excitonic
nature of recombination-generation processes. Such objects
ensure the absorption of photons with energies below the
band gap of the subelement and the subsequent thermal
release of electrons into the conduction band and holes
into the valence band. As a result, free electron-hole pairs
appear that can be separated by the electric field of the
p—n transition and, therefore, create a photovoltaic effect:
increase the photogenerated current, which should lead to
an increase in efficiency. However, the presence of quantum
objects leads to the emergence of additional recombination
channels, which increase the total saturation current of
the p—n transition [6,7] and, as a consequence, reduce
the voltage generated by the subelement. The increase in
saturation current is directly related to the energy of carrier
recombination in quantum objects (QO) [6,7]. As shown
earlier, the magnitude of the change in no-load voltage
(dVee) is in practice equal to the difference between the
band gaps of the p—n transition (Egpn) and the quantum
object (Eg.qo), dVoc &~ Eg pn—Eg.0o. This connection has
been observed for all types of quantum objects.

For quantum wells (QW) this can be observed
in works [8-11]. In the work, the authors, increasing the
width of the well (from 1.5 to 5nm), changed the effective
value of its band gap Eg o (from 1.3 to 1.16 eV). The Eg qo
value was determined from both the photoluminescence
peak and the absorption edge (data from measurements
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of the external EQE or internal | QE quantum efficiency).
Samples with smaller Eq oo had lower no-load voltage (Voc).
The work [9] shows the spectral dependences of |QE
for six samples with different numbers of QW. With an
increase in the number of QW, the dark current density
at the same voltage increased, which indicates that the
saturation current increased, therefore, the voltage at the
same currents decreased. In this case, the peak from
the QW clearly shifted to longer wavelengths, indicating a
corresponding decrease in Egqo. In works [10,11] devices
using the technology of voltage balancing in the structure
were studied: this approach promotes an increase in the
no-load voltage of the SC, which is also accompanied by
an increase in Eg go.

A similar correlation is observed for quantum
dots [12-14]. 1In [12] the current-voltage curves, EQE
dependences, and photoluminescence (PL) spectra are
presented for samples with different quantum dots. The
PL spectra contain the same number of peaks. For the two
samples, the positions of the peaks with the lowest Eg o
do not differ (1030 and 1040 nm), which leads to the same
value of V. For the third sample, the peak position shifts
significantly (1270 nm), leading to a corresponding drop in
the no-load voltage (from 0.87 to 0.568 V). Other peaks
are also observed in the PL spectra, but the voltage drop
is caused by the shift of the peak with the lowest Eg qo.
In the work, an increase in the number of QD rows (up
to 100 rows, when the emitter is strongly degraded) leads
to a decrease inVy. with a corresponding shift in the peak
position by EQE towards longer wavelengths. Let us note
that the peak positions of the two samples coincide, which
corresponds to the same value V.
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Important data are presented in the work [14], where
the EQE and electroluminescence spectra were compared
for three different samples. The positions of the CT
peaks characterizing the levels in QD and Egqo differ
slightly (in total, two peaks are observed 950 nm — 1.31 eV
and 1050nm — 1.18¢eV), at In this case, for one of
the samples the drop inVy is ~ 0.1V greater. At the
same time, for the same sample, the height of the high-
energy peak (1.18 eV) is significantly lower than that of the
lower-energy peak (1.31eV). It follows from this that the
rate of recombination through this level is higher, ie., a
larger number of carriers recombine through a level with
lower energy. The difference between these energy levels
is (1.31-1.18)eV = 0.13eV, which corresponds to the
observed difference for the Vi values (0.1V). In other QO
used in solar cells (quantum wires, QW and hybrid QO),
there is also the indicated relationship [15,16)].

Thus, firstly, in all SC with QO there is a strict relationship
between the no-load voltage and Egqo. Secondly, the
decrease V. is associated with an increase in the satu-
ration current, which is determined by the rate of carrier
recombination through various channels, including through
a channel with an energy equal to Egqo. In this work,
saturation currents are determined for various channels
in SC with QW in a wide temperature range, as well
as the rate and energy of recombination of all channels
based on analysis of PL spectra. It was found that as
the temperature decreases, recombination in the channels
alternately saturates, but in the case of QD this does not
lead to a significant improvement in the saturation current
of the p—n transition.

2. Object of study and description
of the experiment

To study the photoluminescence spectra, a special double
heterostructure was created, containing the same Ing gGag
As QD as in GaAs SC [16]. The heterostructure was
grown by metal-organic gas-phase epitaxy in a setup with
a horizontal reactor. For a detailed description of the
technology, see [17]. In general, the heterostructure is an
i-GaAs layer with a thickness of 500 nm, surrounded by
two wide-gap barriers Alg3Gag 7As with thicknesses of 250
and 50 nm, respectively. A single InggGagAs QD layer,
grown in the Stranski—Krastanov mode with the formation
of a wetting layer, is built into the center of the i-GaAs layer.
As the optimal amount of material for the formation of QD,
2 monolayers of Ing gGag,As [17] were used.

To obtain PL spectra from experimental heterostructures
containing QD, a Nd: YAG laser with a radiation wavelength
of 2 = 532nm and a power of up to 350 mW was used as
a radiation source. The sample radiation was focused at
the entrance slit of an MDR-23 monochromator using a
collecting lens. All measurements were carried out using
a cooled Ge optical detector using a standard synchronous
detection technique.

Saturation currents for solar cells were calculated using
the approach described in the work [7]. When calculating
the saturation currents of various recombination channels,
the current invariant [18] was used. The contribution of
each channel to the total saturation current (fraction) was
estimated from the relative heights of the corresponding
peaks in the PL spectra.

3. Main results

Some of the measured spectra are shown in Figure 1.
The analysis showed that all spectra in the region from 1
to 1.4eV include three ground peaks. The first peak (in
the region of 1.35e¢V) was clearly visible in the region
of low temperatures and corresponds to the position of
the well-like wetting layer. The second and third peaks
corresponded to different types of QD. Both peaks are
clearly distinguishable at high temperatures (> 250K). At
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Figure 1. PL spectra on linear (a) and semilogarithmic (b)

scales, measured in the temperature range 20—300K (symbols —
experimental data, solid lines — the result of approximation by the
sum of three Gaussian peaks). (The colored version of the figure
is available on-line).

Semiconductors, 2023, Vol. 57, No. 8



Effect of temperature on current through various recombination channels in GaAs solar cells with GalnAs... 679

£030F

g I (2 2 2 2 2 2 T2 e QDl
£ 025} eeesall —=— 0D2
s i g —a— WL
2 k ,

Z 020}

O

E

3 0.15f

(=]

8

S 010

R

g

= 0.05F

kS

=

[}

I VVY,

oL YYVvVyvvidsaana abdbdsbdbbp XX
0 50 100 150 200 250 300 350
Absolute temperature, K

Figure 2. Temperature dependence of PL intensity for the wetting
layer (blue triangles with the apex up) and QD of the first (red
circles) and second (black squares) types. Vertical lines show
characteristic temperatures for QD of the first (black line) and
second (red line) types. (The colored version of the figure is
available on-line).

a temperature of 300K, there was the peak from the QD
of the first type (QD1) in the region of 1.14eV, and from
the second type (QD2) — in the region of 1.05eV. At low
temperatures, a peak from the GaAs matrix also appeared
in the spectra (at photon energies > 1.5eV) (the peak had
a small height and was poorly distinguished, therefore it is
not shown in Figure 1).

All spectra were fitted by a function that included both
the three main peaks and the peak from the GaAs matrix.
The exclusion of the latter did not affect the results of
the calculated spectral dependence. The results are shown
in Figure 1 (lines). The performed approximation made
it possible to isolate the spectra of individual channels
(quantum dots of the first and second types, the wetting
layer and the GaAs matrix) from the total PL spectrum.
Figure 2 shows the dependence of the PL peak height for
various recombination channels on temperature. It can be
seen that three characteristic sections can be distinguished:
from 20 to T; = 90K, from T; to T, = 150K and from 150
to 325K. In the first section, the PL intensities of QD2
and QDI practically do not change, which indicates the
almost complete absence of thermal emissions of carriers
in these quantum dots. In this case, with increasing
temperature, there is a decrease in PL in the wetting layer.
In the second section, the decrease in intensity in the
wetting layer stops. As the temperature increases, carriers
begin to leave points of the second type through thermal
emissions. In the third section (at T > T,), the rate of
temperature emissions of carriers in QD1 increases; as a
result, the departure of carriers with increasing temperature
already affects the rate of recombination through QD1; the
PL intensity from QD2 remains approximately constant.
Thus, in the observed experiment, recombination processes
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in structures with QD were interrelated. The saturation
of the recombination rate in one of the channels was ac-
companied by an increase (with a decrease in temperature)
of the recombination rate in the other channel. Thus, the
saturation of the recombination rate of carriers in KDI1
corresponds to an increase in the recombination rate in the
wetting layer. Also, at temperatures ~ 30K, an increase
in intensity through the GaAs matrix is visible, which
possibly indicates the beginning of the process of saturation
of the rate of carrier recombination in the wetting layer.
Another interesting fact is that saturation of recombination
at points of the first type begins at high temperatures,
although their effective band gap is larger and, therefore,
they have lower capture energies for electrons and holes.
However, it is known that the density of QDI is lower,
and therefore recombination during current passage should
mainly occur through ,,deeper QD2 [17]. It is possible that
higher temperatures indicate a larger overall ejection/capture
cross section. In this case, when using QD in solar cells,
the ground attention is paid to current flow processes
characterized by the magnitude of the saturation current.
Therefore, in this work, special attention is paid specifically
to the influence of the observed decrease (with a decrease
in temperature) in the rate of thermal emissions of carriers
on the saturation current of the p—n transition.

4. Calculation of the saturation current
of a GaAs solar cell with an p—n
transition GalnAs QD included in it

The calculation was carried out for a current with an
ideality coefficient A =1. This current is directly related
to the rate of interband recombination and determines the
maximum efficiency of the solar cell. The relative rate of
such recombination in different channels can be determined
by comparing the corresponding PL intensities (Figure 2).
To calculate the saturation current, we used the assumption
that the current invariant found in the work [18] is applicable
to the quantum objects under consideration (wetting layer,
QD1 and QD2). In accordance with [17] the saturation
current is determined by the following expression:

E
J():Jzexp(—ﬁ), (1)

where J;, — current invariant, for GalnAs materials
J,=1-10* A/cmz, k — Boltzmann constant, T — absolute
temperature. To determine Jy of each channel, the position
of the corresponding PL peak was used as Eg. Thus,
the temperature dependence of their saturation current
was calculated for all channels (Figure 3). The following
approach was used to determine the total saturation current.
As is known [7], in the simplest case, the current-voltage
characteristic of an p—n transition with quantum objects
(including QD) is described by a single exponential with a
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pre-exponential factor equal to the saturation current Jo.

J _Joexp<%>. (2)

Here q — electron charge, J — current through the p—n
transition, V. — voltage. Let us note that expression (2)
coincides in form with Shockley’s formula [19]. However,
the saturation current Jy in this case includes additional
terms due to recombination through QO. Accordingly, at a
fixed voltage, the current of each channel is also described
by (2). Obviously, the higher the contribution of each
channel, the more carriers recombine in it. Accordingly,
the greater the PL intensity in this channel. Therefore,
from a comparison of the interband channel intensities, we
can draw a conclusion about their contribution to the total
current. Let us denote PL; the PL intensity of the i-th
channel, then, taking into account (1), the current in each
channel will be determined by the following expression:

o PL; Eg.i o Eg.i
Joii = =PL, J, exp( kT) =r;J; exp( T ) (3)

where
PL;

= SR
shows what part of the current flows through the i-th
channel. Using (2), the total current through the p—n

transition is: v
_ . g
J= Z‘]‘“ exp(E). (4)

From a comparison of (1) and (4) it is obvious that the total
saturation current is determined by the following expression:

Jo, total = Z Joi = Z |:ri~]z exp <—%>} )

Using the spectra shown in Figure 2, the coefficients r;
for all 4 channels were determined for all temperatures.
Using the saturation currents determined from (1) and the
coefficients ri in (5) allowed to calculate the total saturation
current. The calculation results are shown in Figure 3.
It can be seen that, despite the fact that with decreasing
temperature, recombination begins to be determined not
only by recombination in the QD, but also in the wetting
layer, this does not lead to a significant decrease in the
saturation current. This result was unexpected, i.e., the
dominance of one of the recombination channels does
not lead to the total saturation current approaching the
saturation current of this channel. In fact, the total saturation
current is always determined by the saturation current
through channel KD2. This can be explained as follows.
Let Jo; be the maximum saturation current, let us express
all saturation currents through it:

Jo,i

Joi = Jo.1 I =Jo.1

rid; exp(—%)
rJ; exp(—%)

_ r Eg1 — By
_J0,1<r1>exp< T , (6)
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Figure 3. Temperature dependences of saturation current.

Lines — various recombination channels in the GaAs p—n

transition with Gag,InggAs QD. Symbols — total saturation
current.

if we substitute (1) into (5), taking into account (6) we get

n
ri Eq1 — Egi
Jo,total = ZJOJ = ZJO,l (ﬁ) exp(%)
i=1
3 r Eg1 — Egi
=] J L el ol )
0,1+i2:2: 0,1<r1>exp< KT (7)

In the experiment under consideration, the minimum
difference in the energies of various channels was observed
between QD2 and QD1 (Figure 1). For the entire
temperature range it was ~ 0.1 eV. Therefore

Eqop2 — E
exp(w> < 1/50.

As the temperature decreases, this ratio becomes even
smaller. On the other hand, for all channels (:—'l) <2
(Figure 2), therefore in (7) the second term is always much
smaller Jg;, which is the reason that Jotota = Jo,1. The
above reasoning explains why in the case under consider-
ation, despite the fact of the dominance of recombination
through the channel in QD1 at temperatures < 250K, the
total saturation current is still determined by recombination
in the channel QD2, which is caused by the large influence
of the difference in recombination energies.

5. Conclusion

This work examines the temperature spectra of photo-
luminescence of GagglngAs quantum dots intended for
use in p—n transitions of solar cells. It was discovered
that saturation of carrier recombination in quantum dots of
the first type occurs at a temperature (T = 150K) higher
than that of quantum dots of the second type (90K).

Semiconductors, 2023, Vol. 57, No. 8
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Saturation of carrier recombination in the wetting layer was
not detected up to the temperature ~ 30K, however, based
on additional features (an increase in the photoluminescence
intensity of the GaAs matrix), it was assumed that it
begins in the temperature range 20—40 K. The temperature
dependence of the saturation current of the GaAs p—n
transition, with Gag glng 2As quantum dots included in it,
has been calculated. The saturation current of the p—n
transition is one of the basic parameters that determines the
efficiency of solar cells created on its basis. It has been
determined that despite the fact that the rate of radiative
recombination in QD2 is less than the rate in QDI1, and
despite the saturation of the rate of recombination of carriers
in QD2 and the increase in the recombination rate in the
wetting layer, the saturation current is still determined only
by recombination in QD2, which has the lowest energy
recombination. Thus, when using Gag gIng2As QD in solar
cells, the passage of current through their structure will be
determined by the channels with the lowest recombination
energy.
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