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Experimental study of the band structure at the heterojunction interfaces of GaInP solar cells was
performed by admittance spectroscopy. Admittance measurements were analyzed using numerical
simulations. A good agreement between simulation and experiment was obtained. A potential barrier of
about 0.6 eV at the p-GaAs/p-AlInP interface formed due to the high valence band offset was observed
by the experiment. This high barrier creates fundamental limitation for the usage of this interface in
p–n GaInP solar cells. A way to reduce the effective barrier height to 0.25 7 0.02 eV using a double layer
p-AlGaAs/p-AlGaInP window avoiding deterioration of I–V curves was demonstrated.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
The III–V multijunction solar cells allow one to achieve the
highest efﬁciency, more than 41% [1,2]. These devices consist of
many layers, including a large number of interfaces between
different types of materials like III-arsenides (GaAs, AlGaAs) and
III-phosphides (GaInP, AlInP). Therefore, the role of interfaces
should be taken into account in the development of such devices.
For instance, a signiﬁcant role of interfaces in GaInP top sub-cell
was demonstrated [3]. The band structure at interfaces is also a
very important issue in any heterojunction device. In solar cells,
band discontinuities can be either an advantage when producing a
high potential barrier for minority carriers (like in back surface
ﬁelds or window layers) or a drawback when forming undesired
potential barriers for majority carriers that result in signiﬁcant
losses. The inﬂuence of interface band structure on GaInP solar
cell performance was discussed in a previous paper [4]. It was
supposed that the high value of the valence band offset at the
p-GaAs/p-AlInP interface placed at the front contact of p- on
n-type (hereafter, p–n) GaInP solar cells leads to the formation of
high potential barriers for the holes, resulting in a knee on I–V
curves. The knee on I–V curves for p–n GaInP solar cells and the
subsequent deterioration of solar cell performance were observed
by other authors [3,5]. This fact limits the application of p–n
GaInP solar cells, resulting in the usage of n–p GaInP top sub-cell
in high efﬁciency triple-junction solar cells. However p–n GaInP
solar cells formed on n-type GaAs substrate are essential, for
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example, in mechanically stacked solar cells due to the
signiﬁcantly lower absorption in the IR region compared with
p-type GaAs substrates. Therefore a way to improve the quality of
p–n GaInP solar cells is still an actual task.
In our previous works the analysis of the inﬂuence of the band
structure at the interfaces in GaInP solar cells on I–V curves was
made using numerical modelling based on literature data on band
discontinuities [4,5]. In this paper an experimental study of the
band structure at the heterojunction interfaces using admittance
spectroscopy is presented. Conﬁrmation of the simulation results
by experimental data is necessary for further analysis and
development.

2. Theory
Experimental study of the band structure was made using
admittance spectroscopy. This technique is based on measurements of capacitance and conductance versus temperature and
frequency. Admittance spectroscopy is a powerful tool for studying bulk defect states [7,8], interface states [9] and band
discontinuities in quantum well heterojunction structures [10].
Commonly, admittance data analysis is based on the capture and
emission process of the charge carriers at and from the electronic
states. Another approach to admittance spectroscopy analysis
may be applied, which is related to the transport limitation across
heterointerfaces. This approach based on the temperature
dependence of the conductance is used here and allows us to
determine the effective potential barriers for the majority carriers.
A scheme and schematic presentation of the band diagram of
p–n GaInP solar cell with p-AlInP window layer are shown in
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Fig. 1. Scheme of the GaInP solar cell (a). Schematic band diagram for p–n structure with p-AlInP window (b) and proposed equivalent circuit (c).
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Fig. 1a and b. A GaAs cap layer is required to form front ohmic
contact to the solar cell. A high potential barrier is supposed to be
formed at the top interface between p-GaAs cap and p-AlInP
window layers due to the high valence band offset, leading to
the depletion of the AlInP layer [3]. No other barriers for the
photo-generated charge carrier transport are expected from the
band diagram (Fig. 1b). The simplest analysis of the admittance
spectra may be made in terms of the equivalent circuit. The
corresponding equivalent circuit is shown in Fig. 1c, where CW
and GW are the capacitance and conductance of the depletion
region of the p–n junction in GaInP, respectively, while Cb and Gb
are those of the depletion region formed at the GaAs/AlInP and
AlInP/GaInP interfaces.
Neglecting the conductance of the p–n junction GW the
equivalent parallel capacitance, Cp, and conductance, Gp, are equal
to
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where o is the angular frequency. Assuming that Gb is mostly
related to hole transport through the potential barrier it may be
expressed in terms of thermionic emission as follows:
qj 
b
Gb ¼ G0 exp
,
ð3Þ
kT
where G0 is the temperature dependent thermoionic emission
pre-factor, q the electron charge, jb the effective height of the
potential barrier, k is Boltzmann’s constant and T is temperature.
The calculated temperature dependences of Cp and Gp/o, using
formulas (1)–(3) with temperature independent values of CW, Cb
and G0 for different frequencies, are presented in Fig. 2.
Capacitance curves exhibit a step accompanied by a maximum
in conductance. An Arrhenius plot of the measurement frequency
at the conductance maximum (also corresponding to the
inﬂection point in the capacitance) gives an activation energy
equal to the potential barrier height jb (0.6 eV) used in the
calculations. We should note that the determined value of jb is an
effective barrier height, which may be less than that of the
potential barrier due to the tunneling through the upper part of

Fig. 2. Calculated curves of Cp and Gp/o versus temperature (C) for 100 Hz, 1 kHz
and 10 kHz using CW ¼ 5  10  8 F cm  2, Cb ¼3.5  10  7 F cm-2, G0 ¼ 109 O  1 cm  2
and jb ¼ 0.6 eV.

the barrier. Therefore the case where the barrier is transparent by
tunneling (e.g. heavy doped material) cannot be determined by
the proposed technique.
This simple model demonstrates the way for the direct
determination of the effective potential barrier height using
admittance spectroscopy. For the determination of the barrier
height from the experimental data the different sources of errors
like the temperature dependence thermoionic emission pre-factor
G0 should be taken into account.

3. Experiment
Samples of Ga0.48In0.52P (hereafter, GaInP) solar cells with
Al0.47In0.53P (hereafter, AlInP) and Al0.8Ga0.3As/(Al0.3Ga0.7)
0.51In0.49P (hereafter, AlGaAs/AlGaInP) window were grown by
MOVPE. The p–n GaInP heterostructures on n-GaAs substrate with
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Si-doped (1018 cm  3) n-GaAs buffer layer (150 nm), Si-doped
(1018 cm  3) BSF n-GaInP layer (50 nm), Si-doped (1017 cm  3)
n-base GaInP layer (920 nm), undoped GaInP layer (100 nm),
Zn-doped (1018 cm  3) p-emitter GaInP layer (30 nm) and
Zn-doped (1017 cm  3) p-AlInP (30 nm) or double layer (1018/
1018 cm  3) p-Al0.8Ga0.3As/p-(Al0.3Ga0.7) 0.51In0.49P (15/15 nm)
p-window layer followed by Zn-doped (1019 cm  3) cap p-GaAs
(300 nm) contact layer were grown. For comparison,
n–p GaInP heterostructures on p-GaAs substrate with Zn-doped
(1018 cm  3) p-GaAs buffer layer (150 nm), Zn-doped (1018 cm  3)
BSF p-GaInP layer (50 nm), Zn-doped (1017 cm  3) p-base GaInP
layer (800 nm), Si-doped (1018 cm  3) n-emitter GaInP layer
(50 nm) and Si-doped (1018 cm  3) n-AlInP window layer
(30 nm) followed by Si-doped (1018 cm  3) cap n-GaAs contact
layer (300 nm) were grown. AgMn:Ni:Au and AuGe:Ni:Au were
used as contact electrodes on p-GaAs and n-GaAs, respectively.
Contact grid and ZnS/MgF2 antireﬂection coating were formed on
the top of 3.2  8.3 mm2 size solar cells. Heavily doped GaAs cap
layer grown on the top of the heterostructures for ohmic contact
formation was etched in the photoactive area before antireﬂection
coating deposition. Special mesa structures with full coverage of
metal top contact of 0.9 mm diameter were fabricated for
admittance measurements.
I–V curves of the solar cells were measured at one sun AM1.5D
illumination condition. The experimental admittance measurements were performed on mesa structures in a liquid nitrogen
cryostat in the temperature range 90–350 K and frequency range
25 Hz–1 MHz.
Band diagrams and I–V curves of the solar cells and admittance
spectra of the mesa structures were simulated using AFORS-HET
2.2 software [11]. Values of the band gap (Eg) and of the electron
afﬁnity (w) used in the simulation are derived from the literature
[12–17] and presented in Table 1. These values also determine
that of the band offsets according to Anderson’s approach [18]. For
more simulation details refer to [4].
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4. Results and discussion
The experimental I–V curve of GaInP p–n solar cell with
p-AlInP window under AM1.5D illumination is presented in
Fig. 3a. The I–V curve has a pronounced knee near open circuit
voltage, VOC, resulting in the reduction of ﬁll factor, FF, and VOC
values. This behavior was suggested to be caused by the high
potential barriers for the holes in the p-region, which is formed
due to the high value of the valence band offset, DEv, at the
p-GaAs/p-AlInP interface [4]. This suggestion was derived from
simulations based on literature data on band discontinuity values,
which were not supplied by direct measurements. The results of
admittance measurements presented in Fig. 3b demonstrate the
presence of the potential barrier in this structure.
The activation energy obtained from an Arrhenius plot, which
corresponds to the effective barrier height, is equal to 0.6 eV. As
can be seen from the calculated band diagram (Fig. 4a) the height
of the potential barrier corresponds to the value of DEv at p-GaAs/
p-AlInP interface because of high doping level of the p-GaAs layer.
The obtained value of activation energy is in good agreement with
the values of DEv at the p-GaAs/p-AlInP interface reported in
the literature [15]. The value DEv ¼0.63 eV was used for the
simulation of C(T,f) and G/o(T,f) using AFORS-HET software
(see Fig. 4b). The behavior of the simulated curves corresponds
well to that of the experiment and the same activation energy of
0.6 eV was extracted from the Arrhenius plot. The value of the
activation energy corresponds to the barrier height, being equal to
the difference between the energy of the Fermi level and the
valence band of AlInP at the interface. This value is somewhat less
than DEv because of slight band bending in GaAs. The I–V curve
under illumination was simulated using DEv ¼0.63 eV (Fig. 3a).
The simulated I–V curve also reproduces quite well the speciﬁc
feature of the experimental one.
For comparison an example of the I–V curves of the n–p GaInP
solar cells with n-AlInP window measured under AM1.5D

Table 1
Values of the band gap (Eg), the electron afﬁnity (w) of the layers as well as band gap offsets (DEC, DEV) values of different interfaces used in the simulations are presented.
Material

Eg (eV)

w (eV)

Interface

DEC (eV)

DEV (eV)

GaAs
Ga0.52In 0.48P
Al0.53In 0.47P
Al0.8Ga0.2As
(Al0.3Ga0.7) 0.51In0.49P

1.42
1.85
2.35
2.09
2.13

4.07
4.01
3.78
3.53
3.89

GaAs/AlInP
GaInP/AlInP
GaAs/AlGaAs
GaInP/AlGaInP
AlGaAs/AlGaInP

0.3
0.23
0.54
0.12
0.35

0.63
0.27
0.13
0.16
0.39

[10]
[11]
[12]
[13]
[13]

[10]
[14]
[14]
[15]
[13]
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Fig. 3. Experimental and simulated I–V curve of GaInP p–n solar cell with p-AlInP window under AM1.5D illumination (a). Experimental C(T,f) and G/o(T,f) curves
measured on the mesa structures, which were made on the same wafer (b).
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Fig. 4. Calculated band diagram of the top interfaces of GaInP p–n structure with p-AlInP window (a). C(T,f) and G/o(T,f) curves simulated with AFORS-HET 2.2 for the same
structure (b).
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Fig. 5. Experimental and simulated I–V curve of GaInP n–p solar cell with n-AlInP window under AM1.5 illumination (a). Calculated band diagram of the top interfaces is
shown in the inset. Experimental C(T,f) and G/o(T,f) curves measured on the mesa structures (b).

illumination is presented in Fig. 5a. The I–V curve does not exhibit
any knee. From the calculated band diagram of this structure
(inset of Fig. 5a) no signiﬁcant potential barriers are expected to
be overpassed by the electrons at the window interfaces. The
admittance measurements are in agreement with the calculated
band diagram. No step (peak) can be observed in the explored
range of temperature and frequency (Fig. 5b). Only at the highest
measured frequency (1 MHz) the C(T) and G/o(T) curves exhibit
some feature at low temperature, which could be related to
the existence of a step in capacitance and peak in conductance
that could be revealed at lower temperature. This means that the
activation energy related to the effective barrier height is too
small to be determined in the given range of temperature and
frequency as was predicted from the calculated band diagram,
where the maximum barrier height of 0.2 eV may be estimated
(without taking into account tunneling effect). The I–V curves,
simulated using the proposed band diagram, do not exhibit any
knee, in good agreement with the experiment (Fig. 5a).
Thus, it was experimentally demonstrated that the presence of
a knee in I–V curves of the p–n GaInP solar cells is caused by the
high potential barrier for majority carriers at the p-GaAs/p-AlInP
interface. Therefore, to improve the performance of p–n GaInP
solar cells another p-type window, which does not form a
signiﬁcant barrier for the holes, should be found.

One of the best candidates for p-window is the AlGaAs alloy,
which does not form a signiﬁcant potential barrier for the holes at
the p-GaAs/p-AlGaAs interface due to the low value of the valence
band offset. The p–n GaInP solar cells with p-Al0.8Ga0.2As window do
not exhibit any knee in I–V curves [6]. But the band bending at the pAlGaAs/p-GaInP interface leads to enhanced recombination at this
interface, resulting in a decrease of solar cell efﬁciency [4]. The pAlGaInP/p-GaInP interface has a lower band bending, leading to
lower recombination rate at the interface states. It was suggested to
combine the advantages of p-GaAs/p-AlGaAs and p-AlGaInP/p-GaInP
interfaces using double layer window p-AlGaAs/p-AlGaInP [6]. The
calculated band diagram of the top side of the junction with such
double layer window is demonstrated in Fig. 6a. The barrier height
for the holes (about 0.4 eV) is lower in this case compared with that
for p-AlInP window (0.6 eV). According to the simulations of I–V
curves under illumination this barrier height is low enough for
normal hole transport at 300 K (Fig. 6b). No knee in I–V curves was
also observed up to 1000 suns illuminations. The inﬂuence of defect
states at the p-AlGaInP/p-GaInP interface on solar cell performance
is not signiﬁcant up to values of density of states of 1012 cm  2 eV  1.
This is much better than that for the p-AlGaAs/p-GaInP interface,
where a dramatic decrease was observed for values of density of
states higher than 109 cm  2 eV  1. A detailed analysis of the
simulation results is presented elsewhere [6].
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The ﬁrst experimental p–n GaInP heterostructure with
p-AlGaAs/p-AlGaInP window was grown. Solar cells and mesa
structures were fabricated on the basis of this heterostructure.
The results of admittance measurements performed on mesa
structures are shown in Fig. 7a. In the temperature range
120–220 K the capacitance has a step accompanied by a peak in
conductance. The activation energy of this capacitance
(conductance) step (peak) is in the range 0.23–0.27 eV. At lower
temperature the capacitance and conductance seem to have
another step and peak, respectively. The temperature and
frequency limitation does not allow us to determine the
activation energy of this low temperature step. However, the
simulation of admittance spectra (Fig. 7b) predicts the presence
of two steps (peaks). The step at low temperature corresponds to
the transport over the barrier at the p-GaAs/p-AlGaAs interface
with an activation energy of 0.12 eV related to this barrier height.
The second step (peak) at higher temperature corresponds to the
transport over the barrier at the p-AlGaAs/p-AlGaInP interface
with the activation energy of 0.35 eV. Thus the activation energy
obtained from admittance measurements corresponds to the
effective barrier height of the AlGaAs/AlGaInP interface. The lower
value of activation energy obtained from the experiment
compared to the simulation may be caused by tunneling
through the spike in the valence band. Of greatest importance,

the obtained experimental value of effective barrier
(0.2570.02 eV) should be low enough to ensure good transport
of the majority carriers.
In Fig. 6b the experimental I–V curve of the p–n GaInP solar
cell with p-AlGaAs/p-AlGaInP window is presented. No knee may
be observed in this I–V curve as well as for I–V curves up to
150 suns (experiment limit). However, the absolute values of the
short circuit current and open circuit voltage are signiﬁcantly
lower compared with those obtained for other structures and
from simulations. This is expected to be due to the low diffusion
length in the GaInP layers in this structure as can be seen from
the spectral dependence of external quantum efﬁciency,
EQE (see inset of Fig. 6b). EQE for p–n solar cells with
p-AlGaAs/p-AlGaInP window is signiﬁcantly lower at long
wavelength range compared with that of the cell with p-AlInP
window. Moreover EQE for the double window layer cell is even
lower than that of the cell without window layer, where
recombination at the front contact is not limited by any barrier.
Therefore the poor performance of the double window layer
solar cells is not related only to recombination at the front
interface. New series of the p–n GaInP solar cells with p-AlGaAs/
p-AlGaInP window should be made in the future. Nevertheless,
experimental conﬁrmation of the double layer window approach
was demonstrated.
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5. Conclusion
The capabilities of admittance spectroscopy to study the band
structure at the heterojunction interfaces of GaInP solar cells were
demonstrated by experiment and simulations. Admittance
measurements allow one to estimate the effective barrier height
for the majority carriers. In particular, experimental conﬁrmation
of the potential barrier of 0.6 eV at the p-GaAs/p-AlInP interface
was obtained. It was shown that this barrier formed due to the
high value of the valence band offset, causing the knee in I–V
curves of the p–n GaInP solar cells. A way to avoid the knee in I–V
curves of the p–n GaInP solar cells is to reduce the effective
barrier height to 0.2570.02 eV using a double layer p-AlGaAs/pAlGaInP window.
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